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ABSTRACT 
Biologists have long sought to understand how ecological selective pressures drive 
evolutionary responses. Defining how morphology, life history, and abiotic conditions interact 
across deep time can reveal the selective pressures responsible for shaping various axes of 
biodiversity. I used this three-pronged framework to investigate the macroevolution of the family 
of lungless salamanders (Plethodontidae), well-known for its impressive ecological and 
geographic diversity while exhibiting little apparent morphological diversity. Employing 
ancestral state estimation methods, geometric morphometrics, and various phylogenetic 
comparative approaches, I first investigated the macroevolutionary responses of functional 
morphology to microhabitat-use across the clade’s history. From these analyses, I estimated at 
least five independent transitions towards arboreality and over 60 transitions away from 
arboreality across the plethodontid tree of life. This suggests that arboreality may represent an 
evolutionarily transitory state for lungless salamanders, with a high tendency to abandon arboreal 
habitats to return to the ancestral terrestrial habitat. I also found no evidence of morphologically 
distinct body shapes or foot shapes in arboreal species, suggesting that it is unlikely that the 
tendency to occupy or abandon arboreal microhabitats is driven by biomechanical constraints. I 
next explored the relationship between microhabitat use and abiotic conditions, revealing that 
arboreal species occupy warmer, wetter climates than terrestrial species as measured by coarse 
environmental data summarized across entire species’ ranges. This pattern was explicated using 
phylogenetic comparative methods and corroborated with a novel implementation of ecological 
niche modeling. From this analysis, I concluded that the availability of arboreal microhabitats is 
largely determined by the abiotic conditions of the species range. Finally, following our 
discovery of the importance of climate in determining these species’ ecological patterns, I 
investigated the macroevolution of the morphological trait, surface area to volume ratios (SA:V), 
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across the family with respect to climatic variation. SA:V is particularly relevant for climatic 
conditions as lungless salamanders display little cutaneous resistance to water-loss and are thus 
prone to environmentally-induced desiccation. I developed a method to estimate SA:V which 
strongly outperformed traditional estimates of SA:V and revealed that salamanders in less-
desiccation prone climates exhibit higher and more disparate SA:Vs. This is consistent with our 
hypothesis that drier climates restrict the evolution of body forms conferring high SA:Vs. 
Altogether, these results reveal that broad climatic patterns may be the most important ecological 
selective pressure in shaping the macroevolution of morphology and microhabitat use for 
plethodontids.  
1 
 
CHAPTER 1.    GENERAL INTRODUCTION 
Theory and Analytical Methods for Macroevolutionary Inquiry 
Stephan Jay Gould famously posited that if one were to “replay the tape of life,” the 
resulting flora and fauna would be vastly different from what we see today (Gould 1990). This 
perspective, often referred to as the ‘contingency’ view of evolutionary theory, emphasizes the 
importance of randomness and small, short-term perturbations on macroevolutionary outcomes. 
Conversely, it is possible that in Gould’s replay of life, organisms would follow an identical 
trajectory through time, responding to their ecological selective pressures in the same way as 
they have in this iteration of the tape. If this were the case, we might expect to see a similar level 
of predictability in lineages evolving in parallel, such that independent lineages faced with a 
common ecological pressure would result in similar evolutionary responses. This observable 
pattern, termed convergent evolution, provides a strong counter argument to the contingency 
view by demonstrating the repeatability and predictability of the evolutionary process (Conway 
Morris 2003). Indeed, myriad examples of convergent evolution have been invoked to support 
the ‘deterministic’ evolutionary perspective, which speaks to the power of natural selection in 
overcoming the randomness of mutation and drift across deep time. The debate of contingency 
versus determinism is decades old and continues today as more examples supporting one side or 
the other are published each year. Through this research, it has become apparent that ecological, 
phylogenetic, and environmental contexts all interact with one another to determine how, and 
when, evolution is repeatable and predictable, yet a clear definition of those contextual 
boundaries remains elusive (Losos 2017).   
This debate has captured the imagination of evolutionary biologists for years, but the 
implications of these discussions extend beyond pure fascination. This research field has become 
increasingly useful for biologists attempting to predict evolutionary responses to various 
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ecological shifts as habitat destruction and climate change continue to dramatically alter the 
natural world. Predictions are now being made regarding the adaptability of taxa in the face of 
changing environmental cues (e.g., Menzel and Fabian 1999), invasive species introductions 
(e.g., Strauss et al. 2006), and pollution (e.g., Whitehead et al. 2017), and these predictions 
directly inform the actions taken for species conservation. Thus, more deeply understanding the 
predictability of evolution across taxa is now more urgent than ever. A common and fruitful 
approach to defining evolutionary predictability is through the study of clades exhibiting 
repeated, independent evolutionary transitions. Such taxa provide naturally replicated 
evolutionary experiments which, when analyzed using phylogenetic comparative approaches, 
can reveal the common evolutionary responses to a change in selection pressures across replicate 
lineages.  
Phylogenetic comparative methods are a family of analytical tools that allow for 
statistically appropriate comparisons of traits across species. In macroevolutionary studies where 
the data points are species (or higher orders of monophyletic clades, such as genera), the basic 
statistical assumption of independent data points is violated, as species are inextricably linked by 
their historical relationships. Without employing phylogenetic comparative methods, the 
assumption of independence is equivalent to assuming that all species diverged from a single 
ancestor at the exact same moment (i.e., star phylogeny: Felsenstein 1985; Harvey and Pagel 
1991). The possibility of this assumed scenario is vanishingly small, and the tendency for related 
species to share traits due to common ancestry rather than adaptive advantage is widespread 
(Hansen and Martins 1996). Therefore, the assumed star phylogeny has great potential to 
produce high statistical error rates (Hansen and Martins 1996). This issue was recognized as 
early as the 1970’s (e.g., Clutton-Brock and Harvey 1977). Garland et al. (1993) quantitatively 
showed how disregarding the expected covariation between species due to shared ancestry could, 
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and often did, lead to erroneous conclusions about evolutionary mechanisms. They demonstrated 
that, when ignoring phylogeny, mammal diet-type and home-range area correlated strongly, 
indicating that carnivores have larger home ranges than herbivores across Mammalia. After 
accounting for phylogeny, however, this signal disappeared, indicating that diet-type was most 
likely a facet of shared ancestry, and its correlation with home range size was coincidental to 
that.  
Felsenstein (1985) published the first accurate method for phylogenetic comparison with 
the introduction of phylogenetic independent contrasts. This method utilizes the independence of 
sister species pairs to calculate contrast values between tips and nodes across the phylogeny. 
Unlike the observed species values themselves, contrast values do not violate the assumption of 
independence among data points as they represent the degree of trait difference between two 
points on the phylogeny only after having split from one another. Since Felsenstein’s 
introduction of phylogenetic independent contrasts, the phylogenetic comparative methods 
toolkit has expanded greatly, enabling evolutionary biologists to address a wide variety of 
questions of phenotypic evolution in a phylogenetic context. For example, one can quantify the 
evolutionary covariation between traits (Garland et al. 1993; Grafen 1989), the degree of 
phylogenetic signal exhibited by a trait (Blomberg et al. 2003; Pagel 1999), evolutionary rates 
across clades or traits (Adams 2013; Garland 1992; O’Meara et al. 2006), and differences in 
evolutionary mode (Beaulieu et al. 2012; Hansen 1997). In more recent years, these tools have 
been generalized to accommodate high-dimensional data (Adams 2014; Bartoszek et al. 2012; 
Bastide et al. 2018; Revell and Harmon 2008) in order to answer evolutionary questions using 
multivariate phenotypic datasets, including: geometric morphometric data (e.g., Serb et al. 2017), 
sets of performance measures (e.g., Moen et al. 2013), and function-valued traits (e.g., Goolsby 
2015), among other high-dimensional data types. Such theoretical and analytical advancements 
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have allowed for an explosion in the types of questions asked and answered across topics in 
evolutionary biology (see Adams and Collyer 2019 for review). 
Phylogenetic comparative methods are now common practice when approaching 
questions of evolutionary contingency or determinism. With similarly impressive methodological 
and theoretical advancements in the fields of phylogenetic reconstruction and morphological 
quantification (i.e., geometric morphometrics: see Adams et al. 2013), biologists have the 
opportunity to investigate innumerable evolutionary patterns in clades with repeated, 
independent transitions. As such, there is still much to be learned about the repeatability and 
predictability of species’ responses to selective pressures imposed by different microhabitats, 
climates, feeding strategies, geography, and many other ecological scenarios.  
Macroevolution of Microhabitat, Morphology, and Climate 
A rich body of literature explores how morphology has responded to repeated 
microhabitat colonizations across taxa with varied outcomes. In some instances, common 
selective pressures of a microhabitat type generate convergent or parallel patterns of change 
(Adams and Nistri 2010; Arnold 1983). In vertebrates, for example, the repeated invasions of 
freshwater habitats by marine sticklebacks has generated common ecomorphs, as benthic and 
limnetic forms have evolved repeatedly across independent radiations (Colosimo et al. 2005). 
Other well-known examples of repeated microhabitat invasion leading to convergent phenotypic 
evolution include cichlid fishes, anolis lizards, and avian feather lice (Rüber and Adams 2001; 
Losos 1990; Johnson et al. 2012).  
Microhabitat transitions have also been shown to elicit divergent morphological 
trajectories where the resulting phenotypes of lineages using the same microhabitat confer 
functional convergence from unique forms. For instance, snakes and glass lizards (family: 
Anguidae) represent two reptile lineages with extreme body elongation and limb loss 
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corresponding to the use of burrow microhabitats (Shine 1986). However, this body elongation is 
achieved by two different morphological adaptations: snakes exhibit elongated bodies, whereas 
glass lizards exhibit elongated bodies and tails, achieving the same locomotor advantages via 
increased number of vertebrae in two distinct body regions (Gans 1975; Wiens and Slingluff 
2001). These examples of microhabitat colonizations eliciting morphological responses, either 
with physical or functional convergence, demonstrate the substantial role of biomechanics in 
determining a lineage’s ability to successfully inhabit a novel microhabitat. In such clades, 
evolutionary dynamics of microhabitat use are at least partially linked to functional performance 
of morphology.  
Other ecological factors have been shown to influence the evolution of microhabitat use 
and morphology, as well. For instance, Bergmann’s rule explicating the increase in body size 
across endothermic taxa with increasing latitude is explained by the corresponding decrease in 
temperature as one moves poleward (Mayr 1942). Larger body sizes generally confer smaller 
surface area to volume ratios, thus heat loss is mitigated by increased body size in regions where 
cold temperatures threaten the survival of populations and species at higher latitudes. Similarly, 
the common utilization of fossorial microhabitats in arid regions is explained by the thermal 
reprieve provided by underground refugia (e.g., mammals: Nevo 2007). Other examples of the 
macroevolutionary impact of climate include changes in genome size (e.g., anurans: Liedtke et 
al. 2018), phenological shifts (e.g., anurans: Sheridan et al. 2017), and limited geographic 
distributions (e.g., protosteloid amoebae: Aguilar and Lado 2012), but the data collection and 
analytical tools to test these hypotheses on a grand scale have only become available in recent 
decades. Thus, many of the ecological and evolutionary impacts of broad climatic patterns have 
yet to be fully examined.  
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With this dissertation, I aim to explicate the complex relationships between three 
important biological variables: microhabitat, morphology, and climate. Comparing any two of 
these elements in isolation would provide an incomplete story of a clade’s evolutionary history. 
Therefore, I use this three-pronged approach to more holistically understand macroevolutionary 
history of a single clade: the family of lungless salamanders, Plethodontidae. This research not 
only demonstrates the important factors that have shaped this family in the past, but looks 
forward, providing concrete predictions of the fate of these salamanders in the face of 
conservation concerns. 
Macroevolution of Plethodontidae 
In the following chapters, I explore the evolutionary relationships between morphology, 
microhabitat use, and climate in the family of lungless salamanders, Plethodontidae. This clade 
makes up approximately 70% of all extant salamander species (28 genera, ~478 out of 738 
named species: AmphibiaWeb 2016) and is distributed across North and South America, with 
several species living in Europe and South Korea (IUCN 2017). Importantly, this family’s 
secondary loss of lungs and subsequent dependence upon cutaneous respiration requires 
permeable skin, leaving these species particularly vulnerable to desiccation. It is theorized that 
this desiccation risk drives most plethodontid species to exhibit secretive, nocturnal lifestyles, 
spending much of their time underwater, underground, in caves, or hiding under leaves, logs, 
rocks, or other cover objects (Spotila 1972). It is therefore surprising that over 100 species of 
Plethodontidae (~20%) have been observed as fully or partially arboreal (McEntire 2016). 
For many vertebrate taxa, arboreal microhabitats are challenging and present unique 
selective pressures on foraging strategies, predator avoidance, mobility, and osmoregulation. 
Many morphological specializations to arboreal locomotion are well-documented in other taxa 
(e.g., prehensile tails in mammals: Arnold 1983; specialized body proportions in lizards: Losos 
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1990; toe pads in frogs: Cartmill 1985), and similar morphological responses to arboreality have 
been posited in plethodontids (Jaekel and Wake 2007). Furthermore, the challenge of 
osmoregulation in the arboreal microhabitat is particularly salient for plethodontids because of 
their lunglessness and nearly nonexistent cutaneous resistance to evaporative water loss (Spight 
1968). Holding all else equal, the higher wind speeds, minimal protective boundary layer, and 
lack of cover objects present in arboreal habitats create a hostile, desiccation-prone environment 
for these animals. Thus, plethodontids’ counterintuitive inhabitation of trees has yet to be fully 
explained in the context of these locomotion and osmoregulation complications. 
Several studies have investigated elements of how morphology and microhabitat use are 
related in plethodontids. Blankers and colleagues (2012) concluded that plethodontid species do 
not show distinct body shapes across microhabitat type, but this study had several limitations, 
indicating that their conclusions may be cursory and incomplete. Namely, this study only 
measured approximately 35% of the family’s species diversity and only tested for differences in 
mean body shape across microhabitat types. Left unexamined were the majority of species and 
investigations into other important evolutionary patterns, such as differences in evolutionary rate, 
morphological disparity, and various types of convergence within microhabitat types. 
Furthermore, this study excluded perhaps the most functionally relevant morphological trait, foot 
shape, which has been shown to be evolutionarily responsive to microhabitat use in 
Plethodontidae. The evolutionary significance of salamander foot shape has long been 
recognized in the tropical genus, Bolitoglossa. This clade displays the most extreme cases of foot 
webbing in the family and represents many of the arboreal plethodontid species. As such, it has 
long been suggested that foot webbing evolved as an adaptation to traversing the flat, smooth, 
wet surfaces of tropical plant leaves (Alberch 1981; Wake and Brame 1969). This supposition 
was later applied to European cave-dwelling species of the genus, Hydromantes, frequently 
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observed climbing the slick cave walls. Lanza (1991) posited that the moderate foot webbing 
displayed by adult Hydromantes species was also an adaptation to climbing slick surfaces, in this 
case, cave walls. This hypothesis was supported by several phylogenetic comparative studies 
demonstrating the ontogenetic convergence and reduced rate of foot shape evolution associated 
with cave wall climbing (Adams and Nistri 2010; Salvidio et al. 2015; Adams et al. 2017). This 
body of work strongly implicates foot shape as a functionally vital trait when considering the 
relationship between morphology and microhabitat use. Notably, the association of webbing and 
arboreality across Plethodontidae, although widely accepted in theory, has gone untested using 
the appropriate phylogenetic comparative approaches. Consequently, the functionally relevant 
morphological requirements and the dynamic evolutionary responses to the colonization of the 
arboreal microhabitat in Plethodontidae remain unclear. 
Climate has also been established as an important component of the ecology and 
evolution of Plethodontidae. Across multiple plethodontid species, landscape movement has 
been shown to closely follow local environmental conditions (Farallo et al. 2018; Camp et al. 
2013; Caldwell 1975; Vernberg 1953). Specifically, plethodontid salamanders will move to 
exposed, terrestrial areas more frequently and for longer durations when weather patterns confer 
higher humidity and moderate temperatures. These weather patterns correspond with slower rates 
of evaporative water loss, implicating desiccation risk mitigation as the mechanism behind these 
landscape movement patterns. On a much larger scale, Kozak and Wiens (2006) explicated the 
macroevolutionary responses in species diversification resulting from climatic niche 
conservatism in North American temperate plethodontids, a theory first outlined by Wiens 
(2004). This literature relating climate and macroevolution was subsequently expanded upon, 
demonstrating in various clades and ecological scenarios that diversification rates follow 
climatic-niche evolution (e.g., Gómez-Rodríguez et al. 2015; Kozak and Wiens 2007; Kozak and 
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Wiens 2010; Kozak and Wiens 2012; Kozak and Wiens 2016). However, beyond the impact 
climate has on species diversification rates, little else is known about the macroevolutionary 
consequences of climatic variation. Namely, the role of climate in driving the macroevolution of 
microhabitat dynamics and morphology across Plethodontidae has yet to be explored. 
Dissertation Organization 
In this dissertation, I examine the macroevolutionary relationships between morphology, 
microhabitat use, and climate across the history of Plethodontidae. Consolidating the lines of 
evidence on the interrelatedness of these three biological variables, our non-mutually exclusive 
hypotheses emerged: (H1) arboreal plethodontid species have evolved common morphological 
adaptations to the challenges of locomotion and osmoregulation inherent to arboreal life, (H2) 
climatic patterns in certain geographic regions determine the availability of the arboreal 
microhabitat via climate-induced desiccation risk, and (H3) species occupying geographic 
regions with more desiccation-prone climates have evolved morphologically to mitigate these 
osmoregulatory pressures. Through these three broad hypotheses, I will explicate the 
interconnected evolutionary patterns of microhabitat use, morphology, and climate across 
Plethodontidae, providing a holistic interpretation of the macroevolutionary history of this 
family. 
Chapter two addresses the hypothesis regarding microhabitat and morphology (H1) by 
first estimating ancestral microhabitat use across all Caudata. From this, I quantify the number, 
direction, and timing of microhabitat transitions for the entire order. These data are also used to 
evaluate the validity of the long standing rheotropic hypothesis regarding the loss of lungs in this 
family. Lastly for this chapter, I demonstrate the specific evolutionary responses of body and 
foot shape to arboreal life in plethodontids.  
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In chapter three, corresponding to H2, I show that climate may be responsible for some of 
the dramatic macroevolutionary dynamics of microhabitat use unexplained by morphological 
constraints in chapter two. In this investigation, I utilize publicly available species distribution 
and global climatic data to compare the climatic niches of arboreal and terrestrial species. Using 
two complementary frameworks, I show how the arboreal microhabitat may only be available 
under a specific climatic scenario, and thus, historical shifts in climate may be responsible for the 
evolutionary tendency of plethodontids to abandon the arboreal microhabitat.  
Following the demonstration in chapter three of the evolutionary importance of climate in 
plethodontids, chapter four illuminates the macroevolutionary relationship between climate and 
plethodontid morphology (H3). Specifically, I quantify surface area to volume ratios from 11 
linear measurements and demonstrate increasing species means and disparities of this vital trait 
as climates grow wetter and warmer in the Neotropical region.  
Overall, this dissertation represents a thorough investigation into the macroevolutionary 
dynamics of morphology, climate, and arboreality in the family of lungless salamanders. This 
work integrates approaches from functional morphology, geometric morphometrics, ecological 
niche modeling, and climate change research to elucidate the likely drivers of microhabitat use 
and morphological adaptation in Plethodontidae. In the future, these findings will provide the 
basis upon which the implications of climate change and the fate of Plethodontidae can be 
explored. 
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Abstract 
Evolutionary theory predicts that selection in distinct microhabitats generates correlations 
between morphological and ecological traits and may increase both phenotypic and taxonomic 
diversity. However, some microhabitats exert unique selective pressures that act as a restraining 
force on macroevolutionary patterns of diversification. In this study, we use phylogenetic 
comparative methods to investigate the evolutionary outcomes of inhabiting the arboreal 
microhabitat in salamanders. We find that arboreality has independently evolved at least five 
times in Caudata and has arisen primarily from terrestrial ancestors. However, the rate of 
transition from arboreality back to terrestriality is 24 times higher than the converse. This 
suggests that macroevolutionary trends in microhabitat use tend towards terrestriality over 
arboreality, which influences the extent to which use of the arboreal microhabitat proliferates. 
Morphologically, we find no evidence for an arboreal phenotype in overall body proportions or 
in foot shape, as variation in both traits overlaps broadly with species that utilize different 
microhabitats. However, both body shape and foot shape display reduced rates of phenotypic 
evolution in arboreal taxa, and evidence of morphological convergence among arboreal lineages 
is observed. Taken together, these patterns suggest that arboreality has played a unique role in 
the evolution of this family, providing neither an evolutionary opportunity, nor an evolutionary 
dead end.  
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Introduction 
Understanding how taxa respond evolutionarily to the microhabitats they utilize is of 
major interest in evolutionary biology. That differing microhabitats exert unique ecological 
selection pressures is axiomatic in biology, and species inhabiting distinct microhabitats often 
display phenotypic or functional differences resulting from adaptive diversification in those 
niches (e.g., Irschick et al. 2008; Kaliontzopoulou et al. 2015; Price et al. 2015; Marques and 
Nomura 2015). Indeed, the observed phenotypic differences among taxa utilizing distinct 
microhabitats provides support for the power of ecological selection and is often treated as 
primae facae evidence of the ecomorphological paradigm positing that morphological adaptation 
follows microhabitat-specific performance (sensu Winemiller 1991; Wainwright and Reilly 
1994). In vertebrates, well-studied examples of ecomorphological trends include the phenotypic 
differences displayed by Anolis lizards occupying different vegetation strata (Losos 1992; Losos 
et al. 1998; Mahler et al. 2013), the distinct body forms of temperate freshwater fishes utilizing 
benthic and limnetic habitats (Schluter and McPhail 1992; Robinson et al. 1993; Jastrebski and 
Robinson 2004; Berner et al. 2008), and the recurring phenotypes of African lake cichlids in 
distinct ecological zones (Fryer and Iles, 1972; Albertson and Kocher, 2001; Rüber and Adams 
2001), among others. Finally, when viewed at broader evolutionary scales, differential 
microhabitat use is also expected to play a pervasive role in the ecology of adaptive radiations 
and the generation of biodiversity (Schluter 2000; Mahler et al. 2013; also Wainwright 2007).  
Among vertebrates, amphibians are generally considered to be ecologically restricted due 
to their affinities to water, yet some lineages have diversified into a variety of microhabitats, 
including the arboreal niche (Wake 1987; Duellman 2005; Moen et al. 2013). Arboreal habitats 
present particular challenges for their inhabitants, as they confer unique selective pressures on 
many aspects of their natural history, including foraging strategies, predator avoidance, 
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locomotion, and osmoregulation (see Cartmill 1985; Hood and Tschinkel 1990; Losos 1990; 
Astley and Jayne 2009). As a consequence, it is often hypothesized that use of an arboreal habitat 
may restrain phenotypic or taxonomic diversification of the lineages that inhabit them (Alencar 
et al. 2017). Despite this prediction, some arboreal anuran lineages display increased species 
diversification rates as compared to less arboreal groups (Moen and Wiens 2017), suggesting that 
in some circumstances, the transition to an arboreal lifestyle can facilitate rather than restrict the 
generation of biodiversity.  
In salamanders, species of the family Plethodontidae display an impressive diversity of 
microhabitat use, including species that are fully aquatic, terrestrial, fossorial, cave dwelling, 
saxicolous, and even arboreal (Wake 1987; Petranka 1998; Blankers et al. 2012; McEntire 2016). 
McEntire (2016) recently revealed that nearly 100 species (over 40% of the family) utilize 
arboreal and vegetative habitats, over 60 of which use these habitats as their primary 
microhabitat type, emphasizing the potential ecological importance of this understudied 
microhabitat. These species were found in over 20 genera across the family, prompting McEntire 
(2016) to hypothesize that arboreality is either an ancestral trait in plethodontids or has evolved 
multiple times across the phylogeny. Further, several arboreal salamanders possess webbing on 
their hands and feet, or have prehensile tails, both of which are thought to be adaptations that 
facilitate climbing (see Wake and Lynch 1976; Alberch 1981; Darda and Wake 2015). Blankers 
et al. (2012) investigated general body proportions including approximately 40% of plethodontid 
species and found little differentiation in mean body shape across microhabitats, but the full 
extent to which arboreality has influenced the evolution of body and foot shape of species across 
the entire family remains unknown.  
Given the frequency with which plethodontids exploit arboreal microhabitats, the 
macroevolutionary consequences of arboreality have been surprisingly understudied in this 
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group. To fill this void, we investigated the history of microhabitat use across salamanders in 
order to evaluate the extent to which use of the arboreal microhabitat influences patterns of 
morphological diversification. To accomplish this, we used a time-calibrated molecular 
phylogeny for salamanders (Bonett and Blair 2017), and estimated rates of microhabitat 
transitions across the evolutionary history of salamanders using data obtained from the literature. 
We then evaluated whether use of an arboreal microhabitat represents a single evolutionary event 
in plethodontids, or whether multiple transitions to this unique microhabitat have occurred. 
Additionally, we characterized body shape using linear measurements and foot shape using two-
dimensional geometric morphometrics (Figure 2.1) to test whether arboreal species display 
distinct patterns in their morphology, which would provide evidence of an arboreal phenotype. 
We also evaluated whether rates of phenotypic diversification were affected by microhabitat use 
and tested for the presence of phenotypic convergence across arboreal lineages. Finally, we 
estimated the ancestral microhabitat type at the root of Plethodontidae to shed light on the deeper 
evolutionary history of microhabitat use in the group. Historically, it has been assumed that 
plethodontids arose in an aquatic habitat (Dunn 1926; Beachy and Bruce 1992); however, recent 
life history data on salamander life cycles (Bonett and Blair 2017) revealed that ancestral 
plethodontids displayed direct development. This observation leads to the intriguing hypothesis 
that the ancestral plethodontid may have been of terrestrial origin. We evaluate that possibility 
here.  
Materials and Methods 
Phylogeny 
We used a multi-gene time-calibrated phylogeny for Caudata from Bonett and Blair 
(2017) to evaluate our macroevolutionary hypotheses. This phylogeny included 516 taxa and was 
estimated from three mitochondrial and four nuclear genes using Bayesian approaches under a 
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pure-birth speciation prior on the tree topology and divergence times, an uncorrelated lognormal 
molecular clock, and 12 node calibrations based on Shen et al. (2016: for additional details see 
Bonett and Blair 2017). Our primary analyses were based on the maximum clade credibility tree 
derived from a set of 1000 posterior chronograms (Bonett and Blair 2017). Specifically, we 
pruned the summary phylogeny of Bonett and Blair (2017) so that it contained only the species 
for which microhabitat data was available, resulting in a 495 species phylogeny (Figure 2.2). 
This included 327 species from the family Plethodontidae; approximately 71% of the recognized 
diversity for this clade. Likewise, we pruned each of the 1000 dated trees in the posterior sample 
to match our species level data in order to perform sensitivity analyses with respect to 
phylogenetic uncertainty (see below).  
Microhabitat Classification 
We characterized adult microhabitat use for 495 salamander species present on the 
phylogeny of Bonett and Blair (2017; Figure 2.2) using published literature and accounts from 
field observations. Most of the microhabitat data was obtained from Wake and Lynch (1976), 
Wake (1987), Petranka (1998), IUCN (2010), Blankers et al. (2012), AmphibiaWeb (2016), and 
McEntire (2016), and was corroborated by additional primary sources. For species not included 
in these broader surveys, microhabitat data was obtained from species accounts, species 
descriptions, and other natural history sources. Our classification procedures roughly followed 
that of previous authors (e.g., Wake and Lynch 1976; Blankers et al. 2012; McEntire 2016) and 
included the following microhabitat categories: arboreal (A), cave (C), fossorial (F), saxicolous 
(S), terrestrial (T), and aquatic (W). We included bromeliad dwellers in the arboreal category and 
moss mat dwellers in the terrestrial category, unless the moss mat was specified as arboreal. 
Those species commonly found on understory vegetation, such as ferns, were categorized as 
terrestrial.  
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Species that utilized more than one microhabitat during their adult lives (approximately 
1/3 of the species in this study) were assigned both a primary and secondary microhabitat 
category. Microhabitat use for these species could theoretically be measured as a proportion of 
the species’ life spent in each microhabitat, but these data were not available for this study for 
two reasons: there was considerable intra-species variation in microhabitat use, and reliable 
proportion data of this sort was not available on a macroevolutionary scale. These considerations 
led us to employ six different microhabitat classification schemes (6-M, 6-L, 7-M, 7-L, 6-McM, 
and 6-McL) that were used to evaluate the robustness of our macroevolutionary inferences with 
respect to the limitations of this dataset. These six classification schemes represent two different 
approaches (majority-rule and lenient; abbreviated as M and L respectively) for each of three 
different biological considerations: our classification (6-M and 6-L), our classifications 
considering an independent semi-aquatic microhabitat (7-M and 7-L), and McEntire’s (2016) 
arboreal classifications (6-McM and 6-McL). All classification schemes are described in more 
detail below and are summarized in Table 2.1. Abbreviations represent the number of possible 
states for the scheme and the approach used. 
Table 2.1. Microhabitats used in each classification scheme. Microhabitat abbreviations are: 
arboreal (A), cave (C), fossorial (F), saxicolous (S), semi-aquatic (SA), terrestrial (T), and 
aquatic (W). A brief description of each scheme is provided. 
SCHEME MICROHABITATS DESCRIPTION 
6-M T, W, A, C, F, S Six microhabitats: majority-rule designation 
6-L T, W, A, C, F, S Six microhabitats: lenient designation (some time not T) 
7-M T, W, A, C, F, S, SA Seven microhabitats (semi-aquatic added): majority-rule 
7-L T, W, A, C, F, S, SA Seven microhabitats (semi-aquatic added): lenient 
6-McM T, W, A, C, F, S Six microhabitats: majority-rule, McEntire (2016) obligate arboreal 
6-McL T, W, A, C, F, S Six microhabitats: lenient, McEntire (2016) obligate + facultative 
arboreal 
 
For our classification using a majority-rule approach (6-M), species were assigned to one 
of the six microhabitats (A, C, F, S, T, or W), based on the microhabitat in which they spend the 
majority of their adult life. The 6-L scheme was more lenient in assigning species to non-
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terrestrial habitats (terrestrial being the dominant category), such that species occurring in both 
the terrestrial microhabitat and another microhabitat were assigned to the latter category (e.g., 
fossorial). Next, to account for the possibility that semi-aquatic species might confer a unique 
ecological category distinct from both fully aquatic and fully non-aquatic species, we created a 
seventh category (semi-aquatic: SA), and assigned species to microhabitats using both a seven 
category majority-rule scheme (7-M), and the more lenient scheme (7-L), as in 6-M and 6-L 
respectively. Finally, we evaluated variation in arboreal microhabitat designation by 
incorporating McEntire’s (2016) arboreal classification scheme into the broader 6-M and 6-L 
classification schemes above. Specifically, we used McEntire’s ‘obligate’ arboreal classification 
to represent arboreal species in the 6-M scheme above (6-McM), and for a more lenient view of 
arboreality, we treated all of McEntire’s arboreal designations (‘obligate’ and ‘facultative’) as 
arboreal taxa in the 6-L classification scheme (6-McL). In all cases, microhabitat was treated as 
an unordered, multistate character. Microhabitat classifications for all species across all 
classification schemes are available on Dryad (doi:10.5061/dryad.b554m44).  
Morphology 
To characterize morphology, we obtained seven linear measurements and images of the 
right hind foot using a digital camera with a macro lens from 3169 adult specimens across 310 
species of plethodontid salamanders included on the Bonett and Blair (2017) phylogeny. While 
prior body shape data were available, we chose not to use these in order to collect body shape 
and foot shape from the same specimens. We excluded several specimens from the foot shape 
dataset due to excessive foot damage, malformation, or lack of a fifth toe (i.e., all species in the 
genus Batrachoseps), leaving 2810 usable specimens across 288 species. Sample sizes varied 
between 1 and 33 specimens per species (mean = 10.22) for body shape and between 1 and 32 
specimens per species (mean = 9.76) for foot shape, which was determined by the availability of 
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specimens in museum collections. Generally, within-species sexual size dimorphism in 
plethodontids is small as compared to size differences between species (Petranka 1998). 
Therefore, we did not perform separate analyses on each sex, but rather combined all specimens 
for our analyses, as in previous macroevolutionary studies (e.g., Blankers et al. 2012).  
To quantify body shape for each specimen, we measured snout-vent length (SVL), tail 
length (TL), head length (HL), body width (BW), snout-eye distance (SE), forelimb length 
(FLL), and hind limb length (HLL) as these measures are considered to capture the major 
variation in general body shape (Bonett and Blair 2017; Adams et al. 2009; see Blankers et al. 
2012 for measurement details). For the specimens with damaged anatomical components, 
measurements were only taken from the regions that were intact. In such cases, statistical 
imputation via multivariate multiple regression was used to estimate the missing values. Of the 
21,812 total measurements, only 1.97% (430) required imputation. For each species, mean 
values for all linear measurements were obtained, and body proportions were calculated by 
dividing all variables by body size (SVL). This resulted in a set of shape ratios (sensu Mosimann 
1970) which were then log-transformed, and matched to the phylogeny of Bonett and Blair 
(2017) for subsequent phylogenetic comparative analyses.  
Foot shape was characterized using two-dimensional landmark-based geometric 
morphometrics (Bookstein 1991; Adams et al. 2013), digitizing 11 landmarks and 10 semi-
landmarks on each foot photograph. Landmarks correspond to the tips of the toes and the 
minimal extent of webbing between the toes, and semi-landmarks were placed along the edge of 
the toe tip to capture toe width (Figure 2.1). Missing landmarks and semi-landmarks were 
estimated using thin-plate spline interpolation based on conspecifics. For specimens without 
complete conspecific specimens from which to estimate the missing landmarks, we used sister 
species specimens based on the Bonett and Blair maximum clade credibility tree (2017). Of 
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59,010 total landmarks across 2810 specimens, only 1.63% (959) required interpolation. We 
obtained species means by aligning specimens within each species using a generalized Procrustes 
analysis to remove non-shape variation of position, rotation, and scale, allowing semi-landmarks 
to slide between the bracketing landmarks by minimizing bending energy. We then aligned these 
means with the same procedure to use in all subsequent analyses. All morphological data, 
including a list of species and specimens used in this study, are available in Dryad 
(doi:10.5061/dryad.b554m44). 
 
Figure 2.1. Landmark placement for foot shape analysis. Eleven landmarks and ten semi-
landmarks captured foot shape for each specimen. Missing landmarks were estimated using 
interpolation. 
Phylogenetic Comparative Analyses 
We used both maximum-likelihood (ML) methods and Bayesian stochastic mapping to 
characterize the evolutionary history of microhabitat use across the phylogeny. First, we 
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compared the empirical fit of the microhabitat data to the phylogeny under three evolutionary 
models (equal rates: ER, symmetric: Sym, and all rates different: ARD), and identified the 
optimal model of discrete character evolution using AIC. We then used the matrix of transition-
rates (Q-matrix: sensu Pagel 1999) obtained under the optimal model (ARD, see Results) to 
estimate ancestral microhabitat use under a maximum likelihood (ML) framework. Additionally, 
we conducted Bayesian stochastic character mapping (Huelsenbeck et al. 2003; Bollback 2006) 
to estimate shifts in microhabitat use across the phylogeny, and to evaluate transition rates 
among microhabitat categories. Here we generated 1000 stochastic maps across the maximum 
clade credibility tree, using the Q-matrix calculated using maximum likelihood under the optimal 
ARD model (see Results). These stochastic maps were then summarized to obtain estimates of 
microhabitat use at each node of the phylogeny, including at the root of Plethodontidae, and to 
provide estimates of the number of evolutionary transitions between microhabitat categories.  
To evaluate morphological trends in body shape and foot shape, we employed a variety 
of comparative methods to examine shape mean, rate of evolution, and convergence. First, we 
performed a multivariate phylogenetic analysis of variance (phylogenetic ANOVA: sensu 
Garland et al 1993; Adams 2014a; Adams and Collyer 2018), to determine whether species 
utilizing distinct microhabitat types differ in mean shape. Residual randomization permutation 
procedures (Collyer et al. 2015) were used to evaluate model significance. Pairwise comparisons 
were then performed using Euclidean distances between phenotypic means for each 
microhabitat, which were statistically evaluated using the same permutation procedure. Next, 
patterns of phenotypic variation were visualized in a phylomorphospace (sensu Rohlf 2002; 
Sidlauskas 2008), where the phenotypic data were rotated via a principal component analysis 
(PCA) and the phylogeny was superimposed. To evaluate the extent to which arboreal species 
have converged morphologically, we quantified two convergence measures recently proposed by 
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Stayton (2015). The first (C1) characterizes the magnitude of morphological convergence in focal 
extant taxa relative to the maximal divergence in their ancestral values, with larger values 
representing a greater degree of phenotypic convergence. The second (C5) measures the 
frequency of convergence to a particular region of morphospace, estimated by the number of 
focal lineages whose evolution transects the boundary region defined by the focal taxa. Both 
measures were evaluated via phylogenetic simulation under Brownian motion (see Stayton 
2015). We also quantified the rate of multivariate phenotypic evolution across species within 
each microhabitat category (sensu Adams 2014b), and compared these evolutionary rates 
statistically using Brownian motion simulations. Because cave species display evolutionary 
ontogenetic convergence of foot shape across species related to climbing (Adams and Nistri 
2010), we also tested whether arboreal species’ foot shapes have allometrically converged with 
cave dwelling species’ foot shape. We tested this using a permutation procedure derived from 
Adam and Nistri (2010). 
To account for uncertainty in microhabitat designations, each analysis was repeated using 
the different microhabitat classification schemes described above (Table 2.1). Likewise, to 
account for phylogenetic uncertainty, all analyses were repeated on the set of chronograms from 
the posterior distribution of Bonett and Blair (2017) to estimate 95% confidence intervals on 
values obtained from the maximum clade credibility tree. All analyses were performed in R 3.5.0 
(R Core Team 2017), using the packages corHMM (Beaulieu et al. 2017), phytools (Revell 
2018), convevol (Stayton 2017), and geomorph (Adams and Otarola-Castillo 2013; Adams 
et al. 2018).  
Results 
The all rates differ (ARD) evolutionary model provided the best fit of the microhabitat 
data to the phylogeny (∆AIC > 27.45; Supplemental Table A1, Appendix A). Examination of the 
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resulting Q-matrix (Figure 2.3) revealed that transition rates to and from arboreality differed. 
Specifically, transition rates from terrestriality to arboreality were nearly 24 times lower than the 
converse (qtàa = 0.0013; qaàt = 0.0306: Figure 2.3), and transition rates to and from arboreality 
with other microhabitat categories (e.g., cave, fossorial, and aquatic) were zero (Figure 2.3). 
Results from stochastic mapping were consistent with these observations and provided support 
for multiple origins of arboreality in plethodontids (Figure 2.2). Further, we observed that the 
evolution to arboreality occurred primarily from a terrestrial ancestor (Figure 2.4). Though 
estimates varied slightly depending on which microhabitat classification scheme was evaluated, 
at least five independent transitions to arboreality were inferred by the data, thereby rejecting the 
hypothesis that arboreality evolved only once in the group (Figure 2.2; Supplemental Table A2, 
Appendix A). We also estimated over 60 transitions away from arboreality (Figure 2.4) primarily 
to the terrestrial microhabitat, which is consistent with the observed high transition rate from 
arboreal to terrestrial microhabitats. Notably, one transition to arboreality was deeply nested 
within the plethodontid phylogeny near the root of neotropical Bolitoglossini salamanders 
(Figure 2.2). This was not surprising, as most arboreal species are members of this lineage. 
Additionally, most transitions from arboreality to terrestriality were observed within the 
neotropical Bolitoglossini (Figure 2.2). The remaining transitions to arboreality were more recent 
and were scattered throughout the plethodontid phylogeny. Finally, both maximum likelihood 
and Bayesian ancestral state reconstruction supported a non-aquatic ancestor for the root of 
Plethodontidae and did so with high support (6-M ML: 97.5%; 6-M Bayesian: 97%; Figure 2.2; 
Supplemental Table A3, Appendix A). All results were consistent when evaluated across the 
microhabitat classification schemes and across the set of 1000 posterior chronograms, indicating 
that these macroevolutionary inferences were robust to variation in microhabitat designation as 
well as to phylogenetic uncertainty (Supplemental Table A3, Appendix A).  
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When evaluating morphological trends, most results were consistent across body and foot 
shape and are thus presented together. First, the phylogenetic ANOVAs revealed no differences 
in either general body proportions or foot shape among microhabitat groups (body shape: R2 = 
0.0237, F = 1.475, Z = 1.074, p = 0.143 NS; foot shape: R2 = 0.0229, F = 1.322, Z = 0.9263, p = 
0.178 NS), and pairwise comparisons similarly revealed that arboreal species did not differ 
phenotypically from species utilizing other microhabitat types (results not shown). Our body 
shape results were consistent with previous findings based on a reduced set of taxa (Blankers et 
al. 2012) and suggest that arboreal salamanders do not exhibit a unique arboreal phenotype in 
terms of their general body proportions. Patterns in phylomorphospace reaffirmed these shape or 
foot shape (Figure 2.5).  This finding was consistent across all microhabitat classification 
schemes used in this study statistical findings for both traits, as a broad overlap among 
microhabitat groups was detected, thus revealing that arboreal taxa do not occupy a distinct 
region of morphospace for either body.  
However, when levels of morphological convergence were evaluated, arboreal species 
did display some degree of phenotypic consistency (body shape: C1 = 0.208; p = 0.03; C5 = 11; p 
= 0.01; foot shape: C1 = 0.095; p = 0.87; C5 = 10; p = 0.01). In particular, C5 showed that these 
species occupy the same general region of morphospace more often than is expected by chance 
under Brownian motion for both traits, though this region was not uniquely occupied by arboreal 
taxa. Similarly, C1 revealed that, on average, arboreal species displayed a 21% reduction in their 
body shape differences as compared to the maximal spread of their ancestors. Therefore, while 
the typical body form and foot shape of arboreal species was not distinct from that of species 
utilizing other microhabitat types, arboreal species exhibited greater morphological constancy 
than expected. Finally, rates of phenotypic evolution differed significantly among microhabitat 
groups. For body shape, arboreal species displaying a rate of phenotypic evolution that was 2.21 
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Figure 2.2. Time-dated phylogeny for salamanders from Bonett and Blair (2017). Phylogeny is 
pruned to the 495 species for which microhabitat data was available in this study. Tips are 
labeled using the 6-M microhabitat classification scheme (see text), and branches are colored 
based on stochastic mapping node estimates. Red circles indicate likely transitions from 
terrestrial to arboreal microhabitats based on Bayesian stochastic mapping, and the root of 
Plethodontidae is marked with an asterisk. Red arrows assist in locating red circles. 
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Figure 2.3. Heat map of Q-matrix representing transition rates between microhabitat categories 
for Bayesian stochastic mapping. As is convention for Q-matrices, rows represent the 
microhabitat type of origin, while columns represent the ending microhabitat type for each 
pairwise transition rate. Diagonals have been omitted. Each cell in the six-by-six Q-matrix is 
divided into six sub-cells representing the six different classification schemes. The top three sub-
cells represent the majority-rule classification schemes (6-M, 7-M, and 6-McM, left to right) and 
the bottom three cells represent the lenient classification schemes (6-L, 7-L, and 6-McL, left to 
right). Microhabitat abbreviations are: arboreal (A), cave (C), fossorial (F), saxicolous (S), semi-
aquatic (SA), terrestrial (T), and aquatic (W). 
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Figure 2.4. Number of transitions between microhabitat categories. These counts were based on 
the 6-M microhabitat classification and used Bayesian stochastic character mapping. Thickness 
of arrows are proportional to the number of transitions ranging from 63.2 (A to T) to 0.763 (S to 
A). For exact numbers of transitions under all classification schemes, see Appendix A. 
times slower than that observed among terrestrial species ("#$ = 4.72 × 10-. vs. "/$ =
1.04 × 10-0; p = 0.001; Supplemental Tables A4 and A5, Supplemental Figures A1 and A2, 
Appendix A), and 4.74 times slower than that found among aquatic species ("#$ = 4.72 × 10-. 
vs. "1$ = 2.24 × 10-0; p = 0.001; Supplemental Tables A4 and A5, Supplemental Figures A1 
and A2, Appendix A). Likewise, foot shape in arboreal species displayed a rate of phenotypic 
evolution that was 1.82 slower than that observed among terrestrial species ("#$ = 5.39 × 10-5 
vs. "/$ = 9.81 × 10-5; p = 0.001; Supplemental Tables A4 and A5, Supplemental Figures A1 
and A2, Appendix A) and 5.28 times slower than that found among aquatic species ("#$ =
5.39 × 10-5  vs. "1$ = 2.85 × 10-7; p = 0.001; Supplemental Tables A4 and A5, Supplemental 
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Figures A1 and A2, Appendix A). C1 and C5 analyses were too computationally intensive to 
repeat over the 1000 posterior chronograms and all classification schemes but were evaluated 
across classification schemes 6-M and 6-L. While C5 for body shape was robust to microhabitat 
classification, C5 for foot shape and C1 for both morphological traits were not (C5: pFoot6-L = 0.51; 
C1: pBody6-L = 0.34; pFoot6-L = 0.91). Although some measures of convergence were not robust to 
microhabitat designation, all other results indicate that our macroevolutionary inferences are 
robust to variation in microhabitat designation as well as to phylogenetic uncertainty. 
Our final analysis of foot morphology tested whether the foot shapes of arboreal species 
allometrically converged with those of cave dwelling species. Using a permutation-based 
procedure adopted from Adams and Nistri (2010), we found significant allometric convergence 
in foot shape (Dsmall - Dlarge= 0.130; p = 0.01). Specifically, as arboreal and cave species foot 
sizes increase, they converge on the same shape more so than is expected by chance. This pattern 
was largely robust to classification scheme (see Supplemental Table A6 and Supplemental 
Figure A3, Appendix A).  
Discussion 
How organisms respond to selection pressures across differing microhabitats is a major 
topic in evolutionary biology. In this study, we characterized the evolutionary history of 
microhabitat use among salamanders to elucidate how exploiting the arboreal niche has 
influenced the diversification of this group. Using both maximum likelihood and Bayesian 
ancestral state reconstruction methods, we estimated that arboreality has evolved independently 
at least five times in plethodontid salamanders. Our data strongly indicate that across these 
transitions, arboreality evolved primarily from terrestrial ancestors, and transition rates from 
arboreality to terrestriality were considerably higher than the converse. Our analyses also 
strongly supported a terrestrial ancestor at the root of Plethodontidae. Morphologically, arboreal 
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Figure 2.5. Phylomorphospace representing dispersion among species in their general body 
proportions and foot shape. Top panels shows all species means colored by microhabitat 
classification (6-M) for body shape and foot shape. The bottom panels represent the convex hulls 
defined by all species in a microhabitat type using 6-M with notable overlap between the 
arboreal and other microhabitat type convex hulls. The first two axes of phylomorphospace 
describe 89.19% and 79.27% of the total variation for body and foot shape respectively 
(PCA1Body = 73.86%; PCA2Body = 15.33%; PCA1Foot = 52.23%; PCA2Foot = 27.04%). 
salamanders’ body shapes and foot shapes were not different from their terrestrial counterparts, 
providing little evidence for the existence of a distinct arboreal phenotype. However, there was 
evidence of body and foot shape convergence among arboreal salamanders, and arboreal taxa 
displayed reduced rates of phenotypic evolution as compared to both terrestrial and aquatic 
salamander species. Finally, we found significant allometric convergence of arboreal and cave 
dwelling foot shape as foot size (centroid size) increases. Overall, our findings provide several 
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key insights into the evolution of arboreality in salamanders regarding the unique evolutionary 
role arboreality plays in this group as compared to non-arboreal taxa. 
Previous investigations of arboreality in other clades have tended to conform to one of 
two macroevolutionary interpretations. First, arboreality appears to provide an evolutionary 
opportunity for some lineages (i.e., anurans, Moen et al. 2013; Anolis lizards, Losos 2009; 
ground beetles, Ober 2003). These patterns are evidenced by the presence of many extant 
arboreal species, several independent transitions towards arboreality, few transitions away from 
arboreality, and increased rates of morphological evolution converging on a distinct arboreal 
phenotype. Alternatively, in some lineages, arboreality can act as a restraining force on 
subsequent diversification and is thus seen as an evolutionary constraint (i.e., vipers, Alencar 
2017). Such patterns are observed when clades display few extant arboreal species, few 
transitions to arboreality, few transitions away from arboreality, no distinct arboreal phenotype, 
and reduced rates of phenotypic evolution. Additionally, these two scenarios are often 
accompanied by patterns of increased or decreased species diversification rates, respectively, 
although such macroevolutionary patterns were not identified in this study. 
In contrast to previous studies, our results suggest that the arboreal microhabitat plays a 
different role in the evolution of Plethodontidae that does not coincide perfectly with either of 
these perspectives, suggesting that our findings require a more nuanced interpretation. In 
particular, our results provide mixed support for both scenarios. For instance, our results 
confirmed McEntire’s (2016) observation that a substantial proportion of extant plethodontid 
species are arboreal, and we found several independent transitions to arboreality. These results 
align with the first scenario describing arboreality as an evolutionary opportunity. However, we 
also observed many more reversals to terrestriality than successful colonizations of the arboreal 
niche from a terrestrial ancestor (Figure 2.2 and Figure 2.4), mirrored by the substantially higher 
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rate of transitions out of arboreality than towards arboreality. This latter pattern suggests that 
macroevolutionary trends in plethodontid microhabitat use favor terrestriality over arboreality, 
which does not suggest that arboreality is an evolutionary opportunity for plethodontids. Instead, 
these results indicate that arboreality may act as an evolutionarily transitory state in the family 
Plethodontidae, such that arboreality has evolved several times and has persisted in some 
lineages, but most lineages readily revert to terrestrial life. 
The results from our morphological analyses also show mixed support for the 
evolutionary scenarios described in other taxa. Specifically, we observed that arboreal species 
are not phenotypically distinct from their terrestrial counterparts, yet we identified evidence of 
phenotypic convergence and reduced rates of phenotypic evolution in both body shape and foot 
shape in arboreal salamanders. These patterns suggest that, while there is not a unique arboreal 
phenotype, use of the arboreal microhabitat does impose some selective forces for a common 
phenotype. Further, just as cave-dwelling species experience ontogenetic convergence towards a 
climbing foot shape (Adams and Nistri 2010), the allometric convergence of foot shape between 
cave and arboreal species observed in this study implicate selective forces related to climbing 
that may be common to utilizing both of these microhabitats. Thus, our observations do not align 
precisely with either of the two evolutionary scenarios described in other taxa. Additionally, if 
arboreality acts as an evolutionary transitory state, as we have posited, our results show that 
transitions between terrestrial and arboreal life are not limited by morphology. Rather, some 
other mechanism is hypothesized to drive the high rate and frequency of transitions away from 
arboreality. We were unable to define this precise mechanism in the present study, although 
investigations into intraspecific competition or abiotic conditions could provide further insight in 
this regard.  
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Perhaps the most striking result from this study is the lack of a distinct foot shape for 
arboreal species. Previous research has demonstrated that some arboreal species have anatomical 
features associated with climbing, such as webbing on their hands and feet (e.g., Wake and 
Lynch 1976; Alberch 1981; Wake 1987) and tarsal rearrangements that increase the surface area 
of the foot (Wake 1991). Further, cave dwelling species that climb extensively display unique 
patterns of foot morphology (Adams and Nistri 2010; Adams et al. 2017). However, our results 
demonstrate that the broad, webbed foot shape often considered to be an arboreal specialization 
is not unique to, nor necessary for, arboreal species. Indeed prior developmental work has shown 
a common underlying mechanism for the evolution of foot webbing in both arboreal and non-
arboreal tropical taxa (Jaekel and Wake 2007), which may explain some of the patterns we 
observed. Further, our results align with a recent study demonstrating that clinging ability is not 
unique to arboreal species (O’Donnell, personal communications). These results suggest that 
many terrestrial species are morphologically capable of occupying the arboreal microhabitat, and 
transitions away from arboreality are not driven by morphological limitations. 
One possible limitation of our study is that there may be other traits besides foot shape 
and general body proportions that convey a selective advantage in arboreal taxa. For example, 
prehensile tails are used to aid in arboreal locomotion in several species (Darda and Wake 2015). 
However, as prehensile tails have been observed in several non-arboreal species as well (i.e., 
cave-dwelling Eurycea lucifuga, Petranka 1998; terrestrial Phaeognathus hubrichti, Blair 1967), 
we think it unlikely that this trait would show markedly different patterns than those presented in 
this paper. Further, because the degree of tail prehensility is not characterized for many taxa, the 
effects of this trait on macroevolutionary patterns of diversification remains unknown. 
Our study also confirmed that primary use of the arboreal microhabitat in species outside 
of the neotropical Bolitoglossini group is relatively rare. Arboreality is observed in several 
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species of the temperate genus Aneides (Petranka 1998; McEntire 2016), with one species, A. 
vagrans occasionally found in the canopy over 70 meters above the forest floor (Spickler et al. 
2006). Aneides is the only temperate lineage with species that obligately occupy arboreal 
habitats. On the other hand, arboreal species are found in at least 19 genera of neotropical 
salamanders, many of whom utilize specific components of the arboreal microhabitat (e.g., 
bromeliads; see Wake and Lynch 1976; Wake 1987). All classification schemes investigated in 
this study found a transition to arboreality at the root of this neotropical clade (Figure 2.2), and 
this early tropical transition towards arboreality may have been followed by subdivision of the 
arboreal microhabitat into smaller ecological niches (e.g., bromeliad, under bark, canopy). While 
many neotropical species have since re-acquired use of terrestrial microhabitats, arboreality 
remains pervasive within the group, suggesting that arboreality and subdivisions of the arboreal 
microhabitat may have played an important role in the diversification of plethodontids in the 
Neotropics (see also Wake 1987).   
Although not the focus of this paper, the analyses quantifying evolutionary rate revealed 
substantially higher rates of phenotypic evolution in aquatic species for both body shape and foot 
shape. This pattern was first described by Bonett and Blair (2017) across the entire order 
Caudata, where fully aquatic species displayed an increased rate of body shape and vertebral 
column diversification compared to fully terrestrial or semi-aquatic species. Our results are 
therefore consistent with these observations and show that this interesting pattern holds when 
looking within a large clade with relatively few aquatic species.  
Finally, our analyses reveal strong support for a terrestrial ancestor at the root of 
plethodontid salamanders (Figure 2.2) regardless of microhabitat classification scheme. To our 
knowledge, our study is the first to utilize a phylogenetic framework to thoroughly elucidate 
evolutionary trends of microhabitat use in plethodontids and suggests that the transition from an 
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aquatic to a terrestrial lifestyle occurred at the earliest stages of this incipient salamander 
radiation. However, the observation that early plethodontids were likely terrestrial stands in 
direct contrast with the dominant, and long-standing, hypothesis that plethodontids originated 
from an aquatic (and biphasic) ancestor that inhabited fast flowing mountain streams in 
southeastern North America (Wilder and Dunn 1920; Beachy and Bruce 1992). In addition, this 
Wilder-Dunn (1920) hypothesis also posited that the evolution of lunglessness, a trait shared by 
all plethodontid species, but which is otherwise exceedingly rare in vertebrates, occurred as a 
rheotropic adaptation to larval life (Beachy and Bruce 1992). While the evolution of lunglessness 
remains a major macroevolutionary paradox, several lines of evidence render the Wilder-Dunn 
(1920) hypothesis incompatible with current observations. For instance, recent phylogenetic 
analyses of life cycle evolution have convincingly demonstrated that the ancestor of 
Plethodontidae exhibited direct development, rather than a biphasic lifestyle that included an 
aquatic larval stage (Bonett and Blair 2017; also Chippendale et al. 2004). Further, because all 
extant direct developing plethodontids utilize terrestrial microhabitats, having a direct 
developing ancestor implies that terrestriality was basal for the clade as well. Our 
macroevolutionary analyses confirm this prediction and provide strong support for a terrestrial 
origin of plethodontid salamanders (Figure 2.2). Thus, our results, in combination with those of 
Bonett and Blair (2017), provide convincing evidence rejecting the two primary assumptions of 
the Wilder-Dunn hypothesis. While other hypotheses for the evolution of lunglessness have been 
proposed (e.g., Reagan and Verrell 1991), none have been tested empirically. Therefore, at 
present, phylogenetic patterns in both life history and microhabitat evolution suggest that the 
evolution of lunglessness in plethodontid salamanders is likely not a rheotropic adaptation to an 
aquatic lifestyle, but instead requires an alternative explanation that to date, has not been fully 
examined empirically. 
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Abstract 
The evolutionary mechanisms that drive microhabitat transitions across deep time are 
difficult to characterize, particularly when a clade with high microhabitat diversity shows no 
concomitant morphological specialization. Lungless salamanders (family: Plethodontidae) 
display many evolutionary transitions into and out of the arboreal microhabitat without 
morphological specialization. Herein we explore the relationship between microhabitat use and 
broad-scale climatic patterns across species’ ranges to elucidate the role of climate in 
determining the availability of the arboreal microhabitat. Using two complementary frameworks, 
phylogenetic comparative methods and ecological niche modeling, we revealed that terrestrial 
and arboreal species live in distinct climatic regimes, and ecological niche modeling data 
revealed that very little of the ranges occupied by terrestrial species is suitable for arboreal life. 
Our results suggest that climate may determine the accessibility of the arboreal microhabitat, 
implicating climate as a prominent evolutionary mechanism behind the frequent microhabitat 
transitions observed across Plethodontidae’s evolutionary history. More broadly, this study 
suggests that the impact of micro-environmental conditions on temporary microhabitat use, as 
demonstrated by small-scale ecological studies, may translate to macroevolutionary patterns.  
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Introduction 
How and why species colonize novel microhabitats is of major interest to evolutionary 
biologists. Several biological forces are frequently invoked as potential causal mechanisms, such 
as intraspecific competition (Losos 1992) and ecological opportunity (Yoder et al. 2010). 
However, fewer studies consider climatic differences as a relevant macroevolutionary 
mechanism behind microhabitat transitions (but see Aguilar and Lado 2012). For clades that 
occupy a diverse set of microhabitats without displaying microhabitat-specific morphological 
specialization, climatic considerations may be particularly appropriate.  
The family of lungless salamanders (Plethodontidae) displays dramatic evolutionary 
dynamics of microhabitat use with little morphological specialization (Blankers et al. 2012; 
Baken and Adams 2019; but see Bonett and Blair 2017). Across this family’s history, arboreality 
has evolved at least five times and has been subsequently lost nearly 60 times (Baken and Adams 
2019). Importantly, the relatively infrequent colonization events of arboreal microhabitats are 
unlikely to be constrained by locomotive limitations, as extant arboreal species do not display 
distinct body shapes (Blankers et al. 2012; Baken and Adams 2019). Further, while there is 
evidence that some arboreal taxa exhibit exaggerated interdigital webbing, many arboreal species 
do not display this pattern, and webbed feet are observed in many non-arboreal species (Baken 
and Adams 2019). It is also unlikely that transitions towards arboreal life confer a substantial 
ecological opportunity (i.e., escape from predation), as the transition rate away from arboreality 
is ~24 times higher than that of transitions towards arboreality (Baken and Adams 2019). Thus, 
the selective pressures that drive plethodontids’ colonization or abandonment of arboreal 
microhabitats remain unknown.  
In this study, we suggest that abiotic conditions are a major determinant of primary 
microhabitat use in lungless salamanders for several reasons. First, it is well established that 
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local environmental conditions influence plethodontid landscape movement and short-term 
microhabitat selection (Vernberg 1953; Caldwell 1975; Trauth et al. 2011; Camp et al. 2013; 
Farallo et al. 2018). Second, Baken et al. (2020; Chapter 4) revealed a strong correlation between 
broad climatic patterns and the evolution of plethodontid surface area to volume ratio. Finally, 
arboreal microhabitats, by nature, subject arboreal species to a higher risk of desiccation than do 
terrestrial microhabitats, as they lack the cover objects, humidity, and protective boundary layer 
of the forest floor (although arboreal refugia exist, such as pools of rainwater caught by arboreal 
bromeliads; Petranka 1998). Consolidating these lines of evidence, we hypothesize that climate 
determines the availability of the arboreal niche for plethodontids such that more humid 
conditions are required for salamanders to successfully occupy arboreal microhabitats. Thus, we 
predict that arboreal species occupy geographic ranges with distinct climates that are 
characterized by high humidity, whereas terrestrial species can occupy a wider variety of 
climates. We also predict that a relatively small proportion of the terrestrial species’ geographic 
ranges matches the climatic conditions that support arboreal life.  
To address our hypothesis, we employed two methodological frameworks comparing 
climatic conditions between plethodontids’ use of arboreal and terrestrial microhabitats: 
phylogenetic comparative methods and ecological niche modeling. Each approach has 
limitations, and thus by employing both, we aimed to address several sources of potential 
uncertainty. For our phylogenetic comparative approach, we extracted and summarized present-
day climatic variables from each species’ range and conducted a series of multivariate 
phylogenetic ANOVAs between climate and microhabitat. While these methods can 
appropriately account for phylogenetic relatedness, they require that data points across species 
display the same dimensionality, thus the climate data had to be reduced to summary statistics. 
The second approach, ecological niche modeling, does not require data simplification as it uses 
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all climate values across the specified geographic range to construct each niche model. We 
constructed niche models for the arboreal and terrestrial species separately, quantified niche 
overlap, and measured reciprocal suitability, a new measure developed herein. This reciprocal 
suitability measure involved calculating the percentage of terrestrial species’ geographic ranges 
that displayed high suitability from the projected arboreal niche model. Although the ecological 
niche modeling approach cannot appropriately account for phylogenetic relatedness, we were 
able to capture more nuanced characteristics of each climate niche, and we could project the 
models across a wide geographic range, allowing for a more complete understanding of climate’s 
role in driving plethodontid microhabitat use.     
Materials and Methods 
The family of lungless salamanders, Plethodontidae, makes up roughly 65% of all extant 
salamander species (28 genera, ~478 out of 738 named species: AmphibiaWeb) and is 
geographically widespread. Their skin has relatively little resistance to evaporative water loss, 
making them particularly prone to desiccation, and they often utilize rocks and logs to hide under 
for desiccation avoidance (Petranka 1998). Adult body sizes range from 15 mm to over 100 mm 
snout-vent length (Baken and Adams 2019), and species occupy a wide variety of microhabitat 
types, including terrestrial, aquatic, and arboreal microhabitats (Petranka 1998; Blankers et al. 
2012; Baken and Adams 2019). Most plethodontid species live in North America; however, 
several species live in South America, Europe, and South Korea (Petranka 1998). For this study, 
we focused on 302 North and South American plethodontids for which distributional, 
phylogenetic, and microhabitat data were available. 
Microhabitat Use 
 For each species, we classified primary and, where applicable, secondary adult 
microhabitat based on primary literature, species descriptions, field observations, and the IUCN 
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(2010) and AmphibiaWeb (2016) databases. We used six variable classification schemes (6-M, 
6-L, 7-M, 7-L, 6-McM, and 6-McL) to account for the non-discrete nature of microhabitat use in 
this family following Baken and Adams (2019). Briefly, species were assigned a microhabitat 
type (terrestrial: T, arboreal: A, cave-dwelling: C, fossorial: F, saxicolous: S, aquatic: W, or 
semi-aquatic: SW) with three considerations: a separate category of ‘semi-aquatic’ (SW) species 
(‘7-’ schemes used SW, ‘6-’ schemes did not); the data source defining arboreality (‘Mc’ 
schemes used the McEntire’s definition of arboreality: McEntire 2016); and the treatment of 
secondary microhabitats (majority-rule, ‘-M’, or lenient rules, ‘-L’; Table 3.1, Supplemental 
Table B1, Appendix B). This last consideration of majority-rule versus lenient rules differed in 
that majority-rule schemes simply reflected the primary microhabitat, whereas the lenient 
schemes considered a species to be non-terrestrial if either their primary or secondary 
microhabitat was non-terrestrial. As most results were consistent across classification schemes, 
we reported the 6-M results in the main text, indicated when alternative classification schemes 
contradicted 6-M results, and provided results from all classification schemes in Appendix B. 
Table 3.1. Microhabitat classifications schemes. Detailed description of each classification 
scheme can be found in Baken and Adams (2019), and species’ classifications under each 
scheme are provided in the supplemental materials (Supplemental Table B1, Appendix B). 
Scheme Arboreality Data Source 
Separate Category 
of Semi-Aquatic Majority Rule or Lenient 
6-M Baken and Adams 2019 No Majority Rule 
6-L Baken and Adams 2019 No Lenient 
7-M Baken and Adams 2019 Yes Majority Rule 
7-L Baken and Adams 2019 Yes Lenient 
6-McM McEntire 2016 No Majority Rule 
6-McL McEntire 2016 No Lenient 
 
Distribution and Environmental Data 
 We used species distribution polygons for 302 North American plethodontid species. Of 
these, 285 were obtained from the International Union for Conservation of Nature (IUCN) Red 
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List, and we constructed polygons for an additional 17 species based on alpha hulls (α = 1) from 
reliable occurrence data (VertNet: Constable et al. 2010) following IUCN guidelines for polygon 
construction (IUCN Standards and Petitions Subcommittee 2017).  
We extracted 12 climate variables from each species polygon at a spatial resolution of 2.5 
arc-minute. This dataset included 1,298,924 localities (1-122,837 localities/species, median = 77 
localities/species). Climatic variable selection was limited to those publicly available at the 
appropriate scale and followed previous studies of amphibian niche variation (Currie 1991; 
Kozak and Wiens 2006; Gomez-Rodriguez et al. 2015) and microhabitat use in plethodontids 
(Rodder and Engler 2011; Gade and Peterman 2019; McEntire and Maerz 2019) to capture 
abiotic factors that are known to influence plethodontid survival and behavior. These variables 
represent yearly averages and extremes of climate variation collected over the past 40 years, and 
included nine WorldClim variables for air temperature, precipitation, and potential 
evapotranspiration (Annual Mean Temperature: BIO1, Max Temperature of the Warmest Month: 
BIO5, Min Temperature of the Coldest Month: BIO6, Annual Precipitation: BIO12, Precipitation 
of the Wettest Quarter: BIO16, Precipitation of the Driest Quarter: BIO17; Hijmans et al. 2005; 
Annual Mean Potential Evapotranspiration: PET.A, Potential Evapotranspiration of the Wettest 
Quarter: PET.W, Potential Evapotranspiration of the Driest Quarter: PET.D; Title and Bemmels 
2018). We also included elevation (Elev; Title and Bemmels 2018), yearly climatic moisture 
(CM; Title and Bemmels 2018), and yearly average cloud cover (CC) following Peterson and 
Nakazawa (2008; IPCC 2001, 0.5 arc minute resolution resampled to 2.5 arc minute resolution, 
~4.5 km at equator). We acknowledge that climatic data obtained in this fashion are relatively 
coarse-grained. However, recent work on plethodontid climatic envelopes, obtained at both 
micro- and macro-scales reveals a close association between the two (Farallo et al. 2020), 
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implying that the climate variables extracted for this study define the general patterns and 
boundaries of microenvironments available to individual salamanders.  
Phylogenetic Comparative Analyses 
We used a phylogenetic comparative approach to assess differences in climatic patterns 
between microhabitat types. Here, summary statistics across each species’ range were obtained 
for each variable, resulting in five summary values per climate variable (minimum, first quartile, 
mean, third quartile, and maximum) per species. As the raw variables were represented in 
incommensurate units, these data were converted to standard normal deviates (µ = 0; std = 1) to 
allow for meaningful multivariate data analysis (see Legendre and Legendre 2012; Adams and 
Collyer 2019). We then performed several phylogenetic ANOVAs, examining the results from 
pairwise comparisons of arboreal versus terrestrial species to identify the ways in which climate 
varied between microhabitat types. We assessed significance via randomized residual 
permutation procedures (Collyer et al. 2015; Adams and Collyer 2018) in the package, RRPP 
(Collyer and Adams 2018; Collyer and Adams 2019) using R v.3.6.0 (R Development Core 
Team 2019).  
We first tested whether the combined dataset of all summary statistics differed 
significantly between arboreal and terrestrial species ranges. As climate variables are often 
highly correlated, we next performed a principal component analysis (PCA) on the normalized 
data and extracted the first five PC axes (explaining >85% of the overall climate variation) to test 
against microhabitat. Finally, we tested each climate variable separately (all summary statistics 
as a five-dimensional variable), accounting for multiple comparison error rates using sequential 
Bonferroni procedures.  
To account for similarity due to evolutionary relatedness, all phylogenetic ANOVAs used 
the time-calibrated phylogeny from Bonett and Blair (2017) of 516 Caudata species. This 
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phylogenetic reconstruction was based on three mitochondrial and four nuclear genes and used 
Bayesian approaches under a pure-birth speciation prior on the tree topology and divergence 
times, an uncorrelated lognormal molecular clock, and 12 node calibrations from Shen et al. 
(2016; for additional details see Bonett and Blair 2017). We pruned the maximum clade 
credibility tree to the species used in this study.  
To test the robustness of our results, we repeated all analyses across each of the 
microhabitat classification schemes described above and on a reduced dataset of only tropical 
species under 6-M (154 species). This tropical robustness consideration addresses the potential 
bias caused by the disproportionate representation of arboreality across temperate and tropical 
regions (arboreality is more common in tropical clades). We also calculated uncertainty intervals 
of all Z statistics by repeating the analyses across the 1000 pruned posterior chronograms from 
Bonett and Blair’s (2017) Bayesian analysis to account for uncertainty in the phylogenetic 
relationships and divergence times. 
Ecological Niche Modeling 
Our second approach applied Ecological Niche Modeling (ENM) to compare the climatic 
niches occupied by arboreal and terrestrial species (excluding all non-arboreal and non-terrestrial 
species under 6-M classification scheme: 257 species). As with the comparative approach, all 
ENM analyses described below were repeated across all microhabitat classification schemes and 
on the reduced set of tropical species to assess the robustness of our results.  
For this approach, we first merged all species distributions of the same microhabitat type 
to form one arboreal microhabitat polygon and one terrestrial microhabitat polygon. We 
recognize that different species within a microhabitat type do not necessarily occupy the same 
niche, but following our primary hypothesis, we expect that subtle variation within microhabitat 
type is smaller than differences between microhabitat types (see Discussion). We evenly gridded 
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these microhabitat-specific polygons and extracted pseudo-occurrence points from the centroid 
of each grid cell, alleviating point-aggregated error (see Machado-Machado 2012). We 
determined the appropriate gridding resolution by comparing ENM performance measures across 
a series of decreasing resolutions (12-30 arc minute resolution, ~22-54 km at equator, 
Supplemental Table B2, Appendix B), selecting the smallest grid resolution for which model 
performance was adequate for both arboreal and terrestrial models (see below for description of 
adequacy measure). We then used these pseudo-occurrence points to extract the climatic 
variables used in each microhabitat niche model. 
We applied the maximum entropy algorithm implemented via MAXENT v3.4.1 (Phillips 
et al. 2004; 2006) using the R package, dismo (Hijmans et al. 2017) to model the climatic 
niches of arboreal and terrestrial species. This algorithm generally outperforms other ENM 
methods (Elith et al. 2006; Phillips et al. 2006; Ortega-Huerta and Peterson 2008) and is less 
sensitive to sample size (Wisz et al. 2008). We employed a cross-validation method with a 10-
fold partition scheme, using 90% of the data for training and reserving 10% for testing, repeated 
10 times per run. This procedure is standard for datasets with thousands of pseudo-occurrence 
points, such as ours. We evaluated each MAXENT model replicate with a modified Area Under 
the Curve (AUC) of the Receiver Operating Characteristic using the fractional predicted area 
(fraction of the total area predicted present) instead of the commonly used commission rate. 
AUC values range from 0 to 1 where an AUC of 0.5 indicates that the model is uninformative in 
predicting the testing dataset, and an AUC above 0.8 indicates that the model is very informative 
(Swets 1988). Thus, we applied 0.8 as the AUC cutoff to indicate adequate model performance 
for the grid resolution described above, as well as for inclusion in the weighted consensus 
models. These consensus models were then projected across the geographic extent where 
Plethodontidae are found in North and South America (20.0° S:70.0° N; 140.0° W:11.33° W), 
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resulting in a suitability score for each non-aquatic map pixel at a resolution of 2.5 arc-minute. 
These scores range from 0 (not suitable) to 1 (highly suitable) for each microhabitat type and can 
be visualized in (Figure 3.1).  
To test whether the arboreal and terrestrial niches were significantly different, we used 
the nicheEquivalency function (R package dismo; Hijmans et al. 2017) to quantify the degree 
of niche overlap using two metrics: Schoener’s D (Schoener 1968), Warren’s I (Warren et al. 
2008). These similarity metrics range from 0 (no niche overlap) to 1 (identical niches) and are 
calculated by taking the difference between projected suitability scores across microhabitat 
models within each map pixel. Schoener’s D assumes that the suitability scores are proportional 
to species abundance (made uniform by gridding procedure above), whereas Warren’s I is more 
conservative and compares the probability distributions of the two ecological niche models 
(Warren et al. 2010). We assessed the significance of the observed statistics using two 
randomization methods; the traditional randomization (N1: Warren et al. 2008; Zhu et al. 2013) 
iteratively assigns the pseudo-occurrence points as arboreal or terrestrial to calculate null D and I 
values, and a species-level randomization (N2), which shuffles the microhabitat classifications of 
entire species ranges, from which null arboreal and terrestrial microhabitat polygons are 
constructed and null D and I values are calculated (99 replicates used for both randomization 
methods). We then compared the observed D and I values to each null distribution to derived p 
values and Z-scores (describing the strength of signal, i.e., statistical effect sizes). These Z-scores 
were obtained following the procedures of Adams and Collyer (2019), which utilize empirical 
sampling distributions of statistical test measures: 8 = 9/:;<=-	?@AB.CDEF
G@AB.CDEF
  (see Discussion in 
Adams and Collyer 2019). 
 
 
54 
 
Figure 3.1. Suitability projections of (A) terrestrial and (C) arboreal species models with (A) 
arboreal and (C) terrestrial species distributions overlain as black outlines. Gradations from 
white to orange to blue represent increasing suitability as defined by each model (terrestrial 
model in panel A, arboreal model in panel C). B. Percent of occupied area suitable for arboreal 
(circles) and terrestrial (triangles) life within the arboreal distribution. D. Percent of occupied 
area suitable for terrestrial (circles) and arboreal (triangles) life within the terrestrial distribution. 
Percent reciprocal suitability scores in panels B and D represent the area of suitable habitat at 0.5 
(defined by MAXENT model) or higher within the species’ distribution area (black circle 
indicates corresponding value). The greatest differences in these reciprocal suitability scores are 
the percent of the terrestrial distribution suitable for arboreal life, across all suitability scores (D; 
brown arrow at 0.5). This is a much more pronounced difference in percent of suitable area than 
terrestrial suitability within the arboreal ranges (B; green arrow). 
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Finally, we used the species distribution polygons, MAXENT consensus models, and 
suitability projections to test whether species of each microhabitat type live in climates suitable 
for the other microhabitat type. This involved quantifying the percentage of the terrestrial species 
distribution that was suitable for arboreality (as defined by the arboreal species ENM) and vice-
versa (this concept is related to a measure developed in Peterson et al. 1999 that examined niche 
conservatism evolution). We used these ‘reciprocal suitability scores’ to address whether climate 
restricts microhabitat use, with high values indicating that more of the microhabitat species’ 
ranges are suitable for occupying the other microhabitat. We then compared the reciprocal 
suitability scores to a baseline metric of matching microhabitat suitability (e.g., percent of the 
arboreal polygon matching the arboreal suitability model). We calculated these scores across 
suitability cutoffs ranging from 0.9 (conservative definition of suitability) to 0.1 (liberal 
definition of suitability).  
Results 
Comparative Phylogenetic Analyses 
As predicted, the phylogenetic ANOVA assessing all climate variables together revealed 
significant differences across microhabitat types (F = 2.71, Z = 3.066, p = 0.003; Figure 3.2) and 
between arboreal and terrestrial species (pairwise comparison: Z = 5.2252, p = 0.001; 
Supplemental Table B3, Appendix B). We found similar patterns in the pairwise comparison 
results from phylogenetic ANOVAs of the first two PC axes (ZPC1 = 5.592, pPC1 < 0.001; ZPC2 = 
2.734, pPC2 = 0.011; Table 3.2, Supplemental Table B3, Supplemental Figure B1, Appendix B), 
though PC axes 3-5 did not show significant differences between arboreal and terrestrial species 
(but see PC3 results under lenient classification schemes, Table 3.2, Supplemental Table B3, 
Supplemental Figure B1, Appendix B). PC1 was most heavily driven by multiple or all summary 
statistics for Annual Mean Temperature (BIO1), Min Temperature of the Coldest Month (BIO6), 
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Annual Precipitation (BIO12), and Precipitation of the Wettest Quarter (BIO16) and represents 
31.05% of total variation (listed variables load positively; Table 3.2, Supplemental Table B4, 
Appendix B), implying that high PC1 values represent climates with mild winters and extreme 
wet seasons. PC2 was driven by Max Temperature of the Warmest Month (BIO5) and Elevation 
(19.07% total variation, BIO5 loaded negatively and Elevation loaded positively; Table 3.2) such 
that high values of PC2 represent mountain top regions where temperatures do not rise 
dramatically during summer months. Pairwise comparison results from the individual climatic 
variable phylogenetic ANOVAs revealed significant differences between arboreal and terrestrial 
species distributions for all temperature variables (BIO1, BIO5, BIO6; Z > 4.079, p < 0.002), 
Annual Precipitation (BIO12; ZBIO12 = 3.359, pBIO12 = 0.006), Precipitation of Wettest Quarter 
(BIO16; ZBIO16 = 4.336, pBIO16 = 0.002), Annual Potential Evapotranspiration (ZPET.A = 3.462, 
pPET.A = 0.002), and Elevation (ZElev = 5.645, pElev = 0.001; Figure 3.3).These results were largely 
robust across phylogenetic and microhabitat-designation uncertainty, as well as on the reduced 
set of tropical species under 6-M (Supplemental Figure B1, Supplemental Table B5, Appendix 
B). The main exceptions came from the classification scheme 6-McL (Supplemental Figure B1, 
Appendix B), where species were designated as arboreal if they had been observed facultatively 
climbing on vegetation or tree trunks (see Discussion and McEntire 2016). Under this 
classification scheme, results agreed with all those reported above except in reference to the 
temperature variables (marginally BIO1, BIO5, and marginally BIO6) and the Annual Potential 
Evapotranspiration variable (PET.A). Additionally, the more stringent microhabitat 
classifications (6-M, 7-M, 6-McM) displayed phylogenetic error bars that encompassed non-
significant Z-scores (Supplemental Figure B1, Appendix B), although results from the consensus 
phylogeny for all classification schemes were significant. One final discrepancy came from the 
tropical analyses, where Annual Precipitation (BIO12) and Precipitation of Wettest Quarter 
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(BIO16) also displayed phylogenetic error bars that encompass non-significant Z scores 
(Supplemental Figure B1, Appendix B). All other results presented above were consistent with 
the results from the tropical species’ dataset. 
Table 3.2. Statistics from PC axes’ phylogenetic ANOVAs. PC1 and PC2 show significant 
differences between arboreal and terrestrial climates using sequential Bonferroni alpha 
adjustments of the pairwise comparisons (bold). 
Statistic PC1 PC2 PC3 PC4 PC5 
Variation 31.05% 19.07% 17.01% 11.64% 6.83% 
Pairwise Z 5.5919 2.7338 0.9615 1.2024 -0.4350 
Pairwise P 0.001 0.011 0.166 0.124 0.590 
 
Ecological Niche Modeling  
For the 6-M classification scheme, the largest grid resolution to achieve an AUC score of 
0.8 or higher for both arboreal and terrestrial niches was 21.6 arc-minute, resulting in 432 
pseudo-occurrence points for the arboreal species (AUCArb = 0.946), and 3,664 pseudo-
occurrence points for the terrestrial species (AUCTerr = 0.801). Other classification schemes 
resulted in similar optimal resolutions, ranging from 12-30 arc-minute (Supplemental Table B2, 
Appendix B), all with higher model performance at 21.6 arc-minute except for 7-L (AUCArb = 
0.792, AUCTerr = 0.947, nearly reaching 0.8 cutoff). Thus, all robustness analyses were 
performed using 21.6 arc-minute gridding resolution.  
The niche models defined by arboreal and terrestrial species distributions displayed 
substantial differences in the climate variable response curves (Supplemental Figure B2, 
Appendix B). However, interpretation of the response curves can lead to over-interpretation of 
the data, and the phylogenetic comparative analyses above were able to demonstrate the specific 
nature of climatic differences between microhabitat types in a more objective and robust manner. 
Thus, we refrain from drawing conclusions about the specific climatic differences between the 
arboreal and terrestrial model based on these response curves. 
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Figure 3.2. PCA of climate variables colored by microhabitat type. Small, transparent points 
indicate species’ means, and larger solid points indicate microhabitat-wide means with 95% 
confidence interval ellipses. Arboreal species (green) significantly differ from terrestrial species 
(black) as shown by the non-overlapping confidence interval ellipses. 
As is clear when comparing the suitability projections for each model in Figure 3.1, 
microhabitat-specific suitability varied dramatically across North and Central America. 
Terrestrial species’ suitability was high across the entire eastern United States, excluding only 
southern Florida, but terrestrial suitability in Central America appeared spotty and fragmented 
(Figure 3.1A). Arboreal suitability, on the other hand, was high across the west North American 
coast and most of Central America (Figure 3.1C). The observed metrics of niche overlap 
(Schoener’s D and Warren’s I) between arboreal and terrestrial microhabitats were significantly 
smaller than expected under both null distributions (D = 0.348, ZN1 = -34.429, pN1 = 0.01, ZN2 = -
4.044, pN2 = 0.01; I = 0.618, ZN1 = -104.76.1, pN1 = 0.01, ZN2 = -5.063, pN2 = 0.01; Figure 3.4). 
In particular, the traditionally simulated null distribution (N1) demonstrated large effect sizes, 
indicating dramatically distinct climatic envelopes between the microhabitat groups. These 
values were consistently significant across all classification schemes using both null distribution 
methods with the only exception being that the arboreal tropical species model was not 
significantly different than the terrestrial tropical species model under N2 (although it was 
significantly different under N1; Supplemental Table B6, Appendix B).  
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Figure 3.3. Differences in climate variables extracted from terrestrial (black) and arboreal (green) 
species distributions. Specific climatic variables include: Min Temperature of the Coldest Month 
(BIO6), Annual Mean Temperature (BIO1), Max Temperature of the Warmest Month (BIO5), 
Precipitation of Driest Quarter (BIO17), Annual Precipitation (BIO12), Precipitation of the 
Wettest Quarter (BIO16), annual variation in potential evapotranspiration (Driest Quarter, 
Annual Mean, and Wettest Quarter), elevation, climatic moisture (CM), and cloud cover. 
Asterisks indicate significant relationships across species means after accounting for phylogeny 
(p < 0.001***, p < 0.01**, p < 0.05*). 
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Figure 3.4. Niche equivalency tests, Schoener’s D (dark blue histogram) and Warren’s I (light 
blue histogram), under microhabitat classification scheme 6-M with traditionally calculated null 
distributions (N1). The vertical lines represent the observed values of D (dark blue) and I (light 
blue) with arrows from the corresponding null distribution. Both metrics of niche overlap 
displayed significantly lower niche equivalency than expected under both null distributions (N1: 
ZD = -34.42948, ZI = -104.7608, p < 0.01; N2: ZD = -4.044, ZI = -5.063, p < 0.01), and this 
pattern was consistent across all microhabitat classification schemes.  
Reciprocal suitability measures were consistently lower than the corresponding non-
reciprocal baseline measures, as was expected. These baseline suitability scores increased as 
suitability cutoffs became more liberal (i.e., higher percentage of the arboreal distribution was 
suitable for arboreal life as suitability cutoff relaxed closer to 0.1), also following our 
expectations. We also observed the percentage of the arboreal distribution suitable for terrestrial 
life increasing as suitability cutoffs relaxed closer to 0.1, displaying a moderate, but closing gap 
from the baseline values (37.21% of arboreal species distribution was suitable for terrestrial life 
at a suitability cutoff of 0.5 compared to the 71.80% baseline measure, Δ34.69% (Figure 3.1C). 
On the other hand, comparably far less of the terrestrial species distribution was suitable for 
arboreal life under any suitability cutoff (Figure 3.1D; 11.25% of the terrestrial species 
distribution is suitable for arboreal life at a suitability cutoff of 0.5, compared to the 83.83% 
baseline measure, Δ72.58%), indicating that much of the terrestrial species distribution cannot 
climatically support arboreal life. This pattern was observed across all robustness analyses 
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excluding the 6-McL analyses (see Discussion and Supplemental Table B7, Appendix B). Thus, 
these results reveal that plethodontid salamanders may require a specific climatic niche in order 
to occupy the arboreal microhabitat, whereas terrestrial species are less discriminant in their 
climatic demands.  
Discussion 
In many clades, morphological specialization aligns with microhabitat use, indicating that 
locomotive constraints determine whether a species is well-suited for a particular microhabitat 
(e.g., Losos 1990; Anzai et al. 2014). However, in clades without clear morphological variation 
across microhabitats, evolutionary microhabitat transitions may instead be determined by abiotic 
conditions that differentially promote or limit the use of certain microhabitats. In this study, we 
quantified broad climatic variation in arboreal and terrestrial lungless salamanders to shed new 
light on the macroevolutionary patterns of microhabitat use in Plethodontidae using two 
complementary approaches. First, we used phylogenetic comparative methods to test for 
correlations between climate and microhabitat type while accounting for phylogenetic 
relatedness, finding that arboreal species live in wetter, warmer climates as compared to 
terrestrial species (Figure 3.2 and Figure 3.3). Second, we employed ecological niche modeling 
(ENM) to demonstrate that the arboreal and terrestrial climatic niches are distinct when using 
methods that do not reduce climate data to summary statistics (Figure 3.4). Finally, in comparing 
projected climatic suitability to observed distributions, we determined that comparably very little 
of the terrestrial species’ distributions is climatically suitable for arboreal life (Figure 3.1). This 
study revealed that terrestrial and arboreal species occupy ranges with distinct climate regimes. 
We also identified patterns suggesting that climatic constraint may explain the high frequency of 
arboreal microhabitat abandonment that has been unexplained by morphological variation 
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(Baken et al. 2020). These results also suggest that broad-scale climatic patterns may be more 
influential in determining salamanders’ life history traits than previously appreciated.  
 While our results identify macroevolutionary patterns of distinct climatic envelopes 
associated with microhabitat and are generally robust to phylogenetic and microhabitat 
classification uncertainty, we recognize several important caveats regarding the types of data 
used in this study. First, individuals do not occupy the entire range as defined by species’ 
polygons or the microhabitat-specific polygons constructed for the ENM analyses, especially 
when considering salamanders’ particular propensity to move across the landscape and select 
microenvironments with appropriate climates. However, the climate data extracted evenly across 
a range encompasses more climatic variation than is likely representative of where individuals 
live. We argue that this wider range of climatic variation would only hinder our ability to detect 
significant differences between microhabitat types, and therefore, our results indicate a 
substantial difference found in spite of the imprecise nature of these data. Second, our species 
sampling and location data were limited to the publicly available phylogenetic, environmental, 
occurrence, and range data sources. Until more complete phylogenies and occurrence datasets for 
these excluded species are available, we cannot rectify this uncertainty. We were also unable to 
include variables such as soil temperature or humidity, as neither measure was publicly available 
at the necessary scale. Finally, our findings were based on fairly recent climatic data (since 
1970), and therefore, the climate experienced by extant species may not represent what species 
experienced during the earlier transitions towards arboreality (Baken and Adams 2019). 
Furthermore, the current geographic localities from which climate was extracted do not represent 
the ranges of ancestral species that transitioned between microhabitat types. An investigation 
into ancestral geographic distributions and historical climate would be necessary to define how 
climate was related to deep historical transitions into and out of the arboreal microhabitat. 
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Overall, the methods used in this study represent the best available approaches for this type of 
investigation, and the consensus from our two distinct and complementary approaches lend 
confidence to our conclusions. 
Although our results were largely invariant across phylogenetic and microhabitat 
classification robustness tests, the 6-McL microhabitat classification scheme did not always yield 
the same results (loss of signal).  Results using 6-McL did show that the arboreal and terrestrial 
niches differed significantly with both the phylogenetic comparative approach and the metrics of 
niche overlap (Supplemental Table B6, Supplemental Figure B1, Appendix B). However, this 
classification did not show the same reciprocal suitability scores that would indicate climate 
constrains arboreality (Supplemental Figure B3, Appendix B).  The major difference in how this 
classification scheme was defined was the inclusion of species that facultative climb non-tree 
vegetation in the arboreal grouping (sensu McEntire 2016). Classification schemes 6-L and 7-L 
both included facultatively arboreal species in the arboreal grouping whenever this behavior 
occurred on trees specifically. Thus, the loss of signal with this 6-McL microhabitat 
classification scheme is likely driven by species that facultatively climb on grasses and other 
non-tree vegetation, and as such, it seems that these species may be able to practice arboreal-like 
scansorial behavior when micro-climates that allow for it without requiring the appropriate 
macroclimate. These results suggest that broad climate envelopes may only constrain the use of 
the arboreal microhabitat, but scansorial behavior utilizing other vegetation may not be restricted 
in the same manner. Additionally, a few patterns that were consistent across classification 
schemes were not observed when analyzing tropical species alone (e.g., niche equivalency using 
N2 significance test: Supplemental Table B6, Appendix B). As all other tropical climatic patterns 
did agree with our main results, these small discrepancies suggest that the climatic differences 
between tropical arboreal and terrestrial species may be less extreme than across the entire 
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family. This is not unexpected, nor does it refute our conclusions. However, when considering 
the substantial degree of species range overlap between arboreal and terrestrial species in the 
tropics, the less extreme climatic signal in the tropical clade suggests that although climate may 
be the primary factor driving arboreality, other factors are undoubtedly involved as well. 
The results from this study build upon the body of work demonstrating how species’ 
climatic niches have influenced the evolutionary history of plethodontids. Kozak and Wiens 
(2006) first proposed that niche conservatism played a role in driving speciation patterns in 
North American temperate plethodontids, a hypothesis outlined by Wiens (2004). Soon after, 
Kozak and Wiens (2007) demonstrated that niche conservatism in temperate montane 
plethodontids promotes speciation as the climate between mountains often creates ecological 
boundaries between populations, leading to speciation. This work was subsequently expanded 
upon, showing how family-wide diversification rate shifts often follow climatic-niche 
evolutionary shifts (e.g., Kozak and Wiens 2010; Kozak and Wiens 2012; Gomez-Rodriguez et 
al. 2015; Kozak and Wiens 2016). Our work adds another dimension to this story, outlining the 
role of broad-scale climatic patterns in determining microhabitat use across the evolutionary 
history of plethodontids.  
Somewhat surprisingly, we discovered that even broad-scale climatic patterns can 
influence ecological traits in species with high micro-climate selectivity. A few authors have 
asserted that small- and large-scale climatic patterns are only weakly associated (Ficetola et al. 
2018, but see Farallo et al. 2020), making the ecological impact of large-scale climate on 
plethodontids unlikely. However, our study revealed a pattern that is consistent with an 
ecological response to broad climatic differences, even at a resolution of 21.6 arc-minute. 
Overall, this study clearly demonstrated the utility of such coarse climatic data and lays the 
 
 
65 
groundwork for further exploration into the evolutionary relationship between climate and other 
life history traits in Plethodontidae. 
Finally, our study exhibited how phylogenetic comparative methods and ENM can be 
used together to better understand the macroevolutionary dynamics of microhabitat use. 
Specifically, the reciprocal suitability scores developed and quantified in this study revealed for 
the first time that plethodontid salamanders seemingly require a specific climatic niche in order 
to inhabit trees, whereas terrestrial species do not display the same stringent climatic 
requirements. Contemporaneously, our data suggest arboreality is climatically precarious. Thus, 
if climate is causally linked to arboreal microhabitat utilization, the remarkably high frequency 
of evolutionary transitions from arboreal life to terrestrial life (nearly 60 times across Caudata: 
Baken and Adams 2019) could be explained by small shifts in climate that subsequently make 
the arboreal habitats unsuitable. Furthermore, synthesizing our findings with the current scenario 
of climate change, one might predict that arboreal species will be forced from the trees. This is a 
hypothesis that we may well observe in the coming decades as the climate continues to change.  
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Abstract 
Evolutionary biologists have long been interested in the macroevolutionary consequences 
of various selection pressures, yet physiological responses to selection across deep time are not 
well understood. In this paper, we investigate how a physiologically-relevant morphological trait, 
surface area to volume ratio (SA:V) of lungless salamanders, has evolved across broad regional 
and climatic variation. SA:V directly impacts an organisms’ ability to retain water, leading to the 
expectation that smaller SA:Vs would be advantageous in arid, water-limited environments. To 
explore the macroevolutionary patterns of SA:V, we first develop an accurate method for 
estimating SA:V from linear measurements. Next, we investigate the macroevolutionary patterns 
of SA:V across 257 salamander species, revealing that higher SA:Vs phylogenetically correlate 
with warmer, wetter climates. We also observe higher SA:V disparity and rate of evolution in 
tropical species, mirrored by higher climatic disparity in available and occupied tropical habitats. 
Taken together, these results suggest that the tropics have provided a wider range of warmer, 
wetter climates for salamanders to exploit, thereby relaxing desiccation pressures on SA:V. 
Overall, this paper provides an accurate, efficient method for quantifying salamander SA:V, 
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allowing us to demonstrate the power of physiological selection pressures in influencing the 
macroevolution of morphology. 
Introduction 
Evolutionary biologists have long sought to identify the relationship between ecological 
selective pressures and phenotypic variation. Comparative analyses have been particularly 
fruitful to this end, having demonstrated a clear association between phenotypic variation and 
ecological selection gradients in various taxa. This includes such classic examples as limb length 
variation across locomotive constraints in Anolis lizards (Losos 1992), cryptic coloration 
matching environmental backgrounds in pocket mice (Hoekstra et al. 2004), and body shape 
differences associated with benthic and limnetic habitats in stickleback fishes (Schluter and 
McPhail 1992). These and other studies offer strong evidence for the power of natural selection 
in promoting phenotypic diversity and provide the basis of our understanding of phenotypic 
macroevolution.  
It is important to note, however, that these comparative studies have historically 
concentrated on specific components of the phenotype, while other vital traits have been 
relatively neglected. Specifically, much is known about how ecological selection pressures 
influence traits related to biomechanics (e.g., jaw strength in labrid fishes, Wainwright 1988), 
species interactions (e.g., armoring in sticklebacks, Moodie 1972), and reproductive success 
(e.g., horn complexity in scarab beetles, Emlen et al. 2007), whereas physiological traits are 
rarely studied on a macroevolutionary scale (Gifford 2016; but see Blomberg et al. 2003; Lane et 
al. 2004; Grigg and Buckley 2013). Consequently, how physiological traits respond to ecological 
selective pressures across deep time remains obscure.  
 In an effort to expand our knowledge of these recondite evolutionary processes, we 
herein examined how a physiologically relevant trait in salamanders (surface area to volume 
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ratio, SA:V) has evolved across multiple axes of ecological variation on a macroevolutionary 
scale. Across organisms, a high SA:V confers several physiological consequences, including 
increased risk of desiccation. Salamanders are well-known for their vulnerability to desiccation, 
as their permeable skin provides little resistance to water loss (Spight 1968; MacMahon 1964; 
Spotila and Berman 1976). When exposed to arid environments, fatal desiccation can occur in 
some lungless salamanders (family: Plethodontidae) in less than an hour (Ray 1958), suggesting 
that desiccation acts as a strong selective pressure in this family. Previous research has shown 
species diversification rates and species richness are correlated with patterns of climatic niche 
evolution (Kozak and Wiens 2010; 2016), potentially implicating the threat of environmentally-
induced desiccation as a macroevolutionary force in Plethodontidae. Additionally, several 
ecological studies have demonstrated that plethodontids mitigate desiccation risk through a suite 
of physiological, behavioral, and microhabitat selection responses (Spotila 1972; Fraser 1976; 
Feder and Londos 1984; Riddell and Sears 2015; Farallo et al. 2018). Although salamanders can 
employ these strategies to temporarily lower desiccation rates, the ultimate arbiter of baseline 
desiccation rate is SA:V (MacMahon 1964). As lungless salamanders depend solely on 
cutaneous respiration, SA:V also constrains rates of oxygen consumption, metabolism, and, 
therefore, activity patterns (Ultsch 1976). When viewed from this perspective, we considered 
SA:V to be one of the most ecologically and physiologically relevant traits for this family. 
Because of its role in desiccation and respiration, SA:V has been implicated as the basis 
of numerous ecological patterns observed in the family Plethodontidae. For instance, McEntire 
(2016) and McEntire and Maerz (2019) suggested that SA:V correlates negatively with the 
frequency and duration of climbing behavior. Differences across juvenile and adult dispersal, 
microhabitat use, surface activity, and physiology are also thought to be driven by the ontogeny 
of decreasing SA:V across life stages (Sattler and Reichenbach 1998; Rittenhouse et al. 2004; 
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Riedel et al. 2012; Peterman and Semlitch 2014). Importantly, however, none of these studies 
measured SA:V directly. Rather, they utilized surrogates of SA:V, such as body size (snout-vent 
length: SVL) or surface area (SA) proxies derived from body mass alone, both of which assume 
a uniform body shape for every individual. Unfortunately, such an assumption directly 
contradicts empirical patterns of body shape variation in salamanders that has been observed 
across sizes (Hanken 1982; Wake 1989), within species (Adams 2011), and among species 
(Adams et al. 2009; Blankers et al. 2012; Baken and Adams 2019), as demonstrated through 
quantitative morphometric analyses. However at present, we lack a direct method for efficiently 
quantifying SA:V variation. Consequently, the evolutionary history of this physiologically 
relevant trait remains obscure.  
This study has two aims. First we developed a non-invasive and accurate method of 
estimating SA:V for plethodontid salamanders, using 11 linear body measurements the full body 
shape along with geometric, volumetric, and trigonometric equations. We assessed the accuracy 
of our SA:V estimation method by empirically measuring SA:Vs for a subset of specimens using 
3D scanning technology and volumetric displacement. We then regressed our estimates on the 
empirically measured SA:Vs and compared the fit of our estimates to the commonly used, mass-
based Whitford Hutchinson (WH) proxy. 
Second, we explored macroevolutionary patterns of SA:V evolution in a phylogenetic 
context, via its association with various abiotic conditions in plethodontid salamanders. 
Following the above assertion that SA:V influences osmoregulation and respiration, we 
hypothesized that SA:V varies across taxa based upon variation in physiologically relevant 
climatic factors: precipitation, temperature, and elevation. Further, as tropical and temperate 
plethodontids differ substantially across several biological axes (e.g., higher diversification rate 
in the tropical clade, Wiens 2007; higher incidence of arboreality in the tropics, Baken and 
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Adams 2019), we predicted that SA:V varies across geographic region as well. Thus, we 
hypothesized that climate and region have influenced the macroevolution of SA:V across the 
history of Plethodontidae. We tested this hypothesis by applying our SA:V estimation approach 
to 2,364 specimens across 257 plethodontid species in a phylogenetic analysis of covariance 
(ANCOVA) framework.  
Materials and Methods 
Deriving Surface Area to Volume Ratio (SA:V) Estimates  
Here we developed an estimate of SA:V by considering the full salamander body form to 
be comprised of three geometric shapes: an elliptical cylinder (the body), an elliptical cone (the 
tail), and an elliptical frustum (the head; Figure 4.1B). We excluded limbs from our estimates 
because overall SA:V was minimally affected by their inclusion (results not shown). Calculating 
the surface areas (SA) and volumes (V) for these shapes requires obtaining a set of 11 linear 
measurements from each specimen (Figure 4.1A), which were subsequently used in the 
equations derived below.  
First, for the body, we calculated volume (eq. 1) and lateral surface area (eq. 2) of an 
elliptical cylinder using the following equations:  
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where midline length of the head (STQ) = 	_SQ$ − (N1
$
)$, and head length (HL), head width 
(HW), body height (BH), body width (BW), and snout-vent length (SVL) are shown in Figure 
4.1A and defined in Table 4.1.
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Figure 4.1. Specimen diagram of the morphological components quantified in this study. A. The 
11 linear measurements used to quantify surface area to volume ratio (SA:V) included snout 
height (SH), head height (HH), body height (BH), tail height (TH), snout width (SW), head 
length (HL), head width (HW), body width (BW), tail width (TW), snout-vent length (SVL), and 
tail length (TL). These measures are defined in Table S1. B. SA:V was calculated by treating 
different body parts as different geometric shapes: an elliptical frustum (head), an elliptical 
cylinder (body), and an elliptical cone (tail). 
Table 4.1. Description of 11 linear measurements. These were collected on each specimen and 
were used to estimate SA:V. 
Measurement Description 
Snout-vent length (SVL) Tip of snout to posterior of cloaca, ventrally 
Tail length (TL) Posterior of cloaca to tip of tail, ventrally 
Head length (HL) Posterior corner of the jaw opening to tip of snout, laterally 
Body width (BW) Lateral distance measured just posterior to the forelimb insertion 
Body height (BH) Vertical distance measured just posterior to the forelimb insertion 
Head width (HW) Lateral distance just posterior to the posterior corner of the jaw opening 
Head height (HH) Vertical distance just posterior to the posterior corner of the jaw opening 
Snout width (SW) Lateral distance at the nostrils 
Snout height (SH) Vertical distance at the nostrils 
Tail width (TW) Lateral distance at the posterior end of the cloaca 
Tail height (TH) Vertical distance at the posterior end of the cloaca 
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Next, for the tail, we used a modified version of the standard equations for estimating the 
volume (eq. 3) and lateral surface area (eq. 4-7) of an elliptical cone (Beyer 1981): 
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where tail mid-line length (uTQ) = 	_	uQ$ −	X/N
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 , and tail width (TW), tail height (TH), and 
tail length (TL) are shown in Figure 4.1A and defined in Table 4.1. 
Third, obtaining the surface area and volume for the head required treating it as an 
elliptical frustum (Figure 4.1B). Here we found the difference between two elliptical cones: one 
starting at the base of the head, extending past the snout (Full Cone) and another starting at the 
snout, extending to the tip of the Full Cone (Extra Cone). Subtracting the Extra Cone from the 
Full Cone gives the volume and lateral surface area of an elliptical frustum. Thus, we applied the 
elliptical cone equations (3-7) to both the Full and Extra Cone calculations with the following 
substitutions: head width (HW) and snout width (SW) replaced TW, head height (HH) and snout 
height (SH) replaced TH, and Full Cone midline length (FCML) and Extra Cone midline length 
(ECML) replaced TML. HW, SW, HH, and SH are shown in Figure 4.1A and were calculated 
with the following equations: 
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We calculated the surface area of the top of the frustum (corresponding to the tip of the 
snout) with the equation for the area of an ellipse: 
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Finally, specimen-wide SA:V was calculated by combining the surface area and volume 
measures from each body part (eq. 12). R code and data for SA:V calculations are available on 
Dryad (doi.org/10.5061/dryad.59zw3r23m). 
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SA:V Performance Evaluation  
We assessed the utility of our approach using 21 specimens across a range of species and 
sizes. This included Aneides ferreus (1), Desmognathus fuscus (3), D. ochrophaeus (3), Eurycea 
lucifuga (2), Plethodon glutinosus (2), P. shermani-teyahalee hybrids (9), and Pseudotriton 
ruber (1), ranging in size (SVL) from 22.46mm to 76.40mm. We recognize that the samples 
evaluated here do not represent the full breadth of shape diversity for the family (e.g., elongate 
Batrachoseps species). However, given that the measurements used in our proxy encompass 
linear dimensions that describe these shape differences (e.g., trunk and tail length relative to 
thickness), our proxy should provide reasonable estimates of SA:V across the family. For each 
specimen, we empirically measured SA:Vs using 3D scans and volumetric displacement. Next, 
we estimated SA:V using our linear measurement method as described above, and we estimated 
SA with the frequently used Whitford and Hutchinson (WH; 1967) proxy for plethodontids: 
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	PV = 9.62(çn.5z.).  The parameters of this proxy (9.62 and 0.614) were derived empirically 
(Whitford and Hutchinson 1967), and W was the preserved specimen body mass in grams. We 
then used linear regression and model comparison to assess the relative utility of our SA:V 
estimates to the log-transformed SA proxy.  
Macroevolution of SA:V  
 In the latter part of this study, we used our SA:V estimation approach to explore how this 
physiologically relevant trait has evolved across two axes of ecological diversity: climate and 
geographic region. Several lines of evidence inform our expectations regarding the relationship 
between SA:V, climate, and region. First, the rate of water loss in plethodontids is strongly 
influenced by SA:V, temperature, and aridity (MacMahon 1964; Spotila 1972). This would 
suggest that cooler, wetter climates may facilitate the survival of plethodontids with higher 
SA:Vs. Second, since SA:V also limits plethodontid respiratory rates (Whitford and Hutchinson 
1967), the elevational gradient of available atmospheric oxygen may in turn limit SA:V 
evolution. Synthesizing these climatic and biological considerations, we hypothesized that SA:V 
responds to relaxed physiological stress in areas of low elevation, low temperatures, and high 
precipitation, and thus, species in these climates display higher SA:Vs.   
We also examined SA:V variation across regions for two reasons: the tropics are 
generally characterized by abiotic conditions concordant with low desiccation rates (high 
precipitation and humidity, Feder 1983), and the tropical clade of plethodontids is well known 
for its impressive ecological and evolutionary diversity (Wake 1987). Further, Kozak and Wiens 
(2010; 2016) suggest that climatic niche evolution may be responsible for elevated species 
diversification rates and species richness observed in tropical plethodontid clades. Consequently, 
we hypothesized that plethodontids experienced a physiological release following the invasion of 
the Neotropics such that tropical species display higher SA:V disparity and rate of evolution. 
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To address our hypotheses, we quantified SA:V for 2,364 adult specimens across 257 
plethodontid species (1-33 adult specimens per species, mean = 9.2). This represents a subset of 
specimens from Baken and Adams (2019), excluding species without publicly available 
geographic occurrence data and damaged specimens. Fully aquatic species were also excluded 
from the current study, as they only occur in temperate regions and display strong 
macroevolutionary patterns in body shape seemingly unrelated to climate (Bonett and Blair 
2017).  
To quantify the mean of climatic variables for each species, we obtained species 
distributional polygons from the International Union for Conservation of Nature’s (IUCN) Red 
List of Threatened Species database (2010; 239 species polygons). We constructed 18 additional 
polygons following IUCN protocol from occurrence data provided by VertNet (Constable et al. 
2010). We then extracted elevation (Title and Bemmels 2018) and six BioClim variables from 
the WorldClim database (Fick and Hijmans 2017) from each pixel within the species distribution 
polygons (occupied climatic landscape) and across the entire terrestrial landscape (7°S:56°N, 
129°W:20°W; available climatic landscape) at a resolution of 2.5 arc-minute. BioClim variable 
selection was informed by previous studies of plethodontid niche variation (Currie 1991; Fisher-
Reid et al. 2012; Gomez-Rodriguez et al. 2015), physiology (Spotila 1972; Gade and Peterman 
2019), climatic niche evolution (Kozak and Wiens 2010), and activity patterns (Farallo et al. 
2018; McEntire and Maerz 2019) to capture yearly variation in abiotic factors related to survival 
and behavior. These variables included Annual Mean Temperature (BIO1), Max Temperature of 
the Warmest Month (BIO4), Minimum Temperature of the Coldest Month (BIO5), Annual 
Precipitation (BIO12), Precipitation of the Wettest Quarter (BIO16), and Precipitation of the 
Driest Quarter (BIO17). After obtaining species means for each climatic variable, we 
transformed the climate data to standardized units using standard normal deviates and performed 
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a principal component analysis (PCA). We then extracted the first three PC axes representing 
>90% of total climate variation (see Results) for use in subsequent analyses. We assigned 
species’ regional classifications based on the position of the species distributions relative to the 
Tropic of Cancer. Only two species ranges crossed this boundary: Chiropterotriton multidentatus 
and Isthmura bellii. As these species are deeply nested within the tropical clade (Bonett and Blair 
2017) and the majority of their distribution is south of the Tropic of Cancer, we treated these 
lineages as having undergone recent but incomplete migrations out of the tropics and were thus 
classified as tropical species. A list of each species’ measured specimens, regional classification, 
and mean climatic variables can be found in Supplemental Tables C1 and C2 (Appendix C). 
To test our above hypotheses, we evaluated SA:V across climate and region with a 
phylogenetic ANCOVA (SA:V ~ (PC1+PC2+PC3)*Region) using phylogenetic generalized 
least squares (PGLS). We also compared SA:V morphological disparity, rate of SA:V 
morphological evolution, and climatic disparity (both summarized by species ranges and across 
the entire available landscape) between regions to fully elucidate the interplay of climate, region, 
and SA:V evolution. Rate was quantified as a phylogenetically standardized variance under 
Brownian motion (sensu Adams 2014; see also O’Meara et al. 2006). To account for the non-
independence among species, we used a multi-gene time-calibrated phylogeny of Caudata 
published by Bonett and Blair (2017; ~70% species sampling, including all target species for this 
study) for all PGLS analyses. Details about the phylogenetic reconstruction can be found in 
Bonett and Blair (2017). To ensure our results were robust to the uncertainty in phylogenetic 
reconstruction, we repeated all comparative analyses using the set of chronograms from the 
posterior distribution of Bonett and Blair (2017). We calculated p-values using residual 
randomization permutation procedures in R 3.5.1 (R Core Team 2018) with the packages 
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geomorph (Adams et al. 2019) and RRPP (Collyer and Adams 2018; Collyer and Adams 
2019).  
Results 
SA:V Performance Evaluation 
Our SA:V estimates displayed a strong, positive correlation with the empirically 
calculated values and greatly outperformed the log transformed WH proxy in predicting SA:V 
(our estimate: R2 = 0.954, AIC = -40.880, Figure 4.2; log of WH proxy: R2 = 0.860, AIC = -
5.248; DAIC = 35.632; Supplemental Figure C1, Appendix C). Furthermore, as the WH proxy 
estimates SA and not SA:V, the correlation between these values was negative. On the other 
hand, the slope and intercept of our estimates regressed against actual SA:V did not differ from 1 
and 0 respectively (95% CISlope = 0.827:1.023, 95% CIInt = -0.029:0.253; Figure 4.2), implying 
that our measure exhibits a 1:1 relationship with actual SA:V. Thus, our SA:V estimation method 
is accurate and outperforms the method most commonly used in herpetology (WH proxy). 
 
Figure 4.2. Linear regression of empirically measured SA:Vs and estimated SA:Vs using our 
novel method. Empirical SA:Vs of 21 specimens were calculated using 3D scans and volumetric 
displacement. The dotted line shows the correlation between the empirical and estimated SA:Vs 
(R2 = 0.954, intercept = 0.112, slope =  0.925), which does not differ statistically from a 1:1 
relationship (solid line, intercept = 0, slope = 1). This regression demonstrates the accuracy of 
our SA:V estimation method. 
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Macroevolution of SA:V 
The first three axes of the climate principal component analysis (PCA) encompassed 
approximately 94% of the total climate variability (Table 4.2). PC1 was positively associated 
with mean annual temperature, minimum temperature of the coldest month, annual precipitation, 
and precipitation of the wettest quarter (Table 4.2). The phylogenetic ANCOVA revealed a 
positive correlation between SA:V and climate PC1 (F = 8.8620, p = 0.009; Table 4.3) such that 
SA:V increased with warmer, wetter climates (Figure 4.3B). No other terms of the model 
significantly explained SA:V variation (p > 0.220; Table 4.3), and this climatic relationship did 
not differ when repeated across the 1000 posterior chronograms (Supplemental Figure C3, 
Appendix C).  
Table 4.2. Loadings of the climatic principal component analysis. Proportional and cumulative 
variance for each PC axis is shown in the bottom rows. Loadings are bolded if over |0.4| to 
emphasize heavily loading variables for each PC axis. 
 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
BIO1 (Annual Temp) 0.4668  -0.0950  -0.4697  -0.2126   0.0586   0.0716   0.7062 
BIO4 (Max Temp) 0.1256  -0.6043  -0.3058  -0.0898  -0.6308  -0.0938  -0.3329 
BIO5 (Min Temp) 0.4649   0.2201  -0.3717  -0.1991   0.4195  -0.0224  -0.6174 
BIO12 (Annual Precip) 0.4945   0.0897   0.3912   0.1312  -0.1220  -0.7466   0.0707 
BIO16 (Precip Wet Q) 0.4758   0.2699   0.1592   0.4693  -0.3612   0.5669  -0.0586 
BIO17 (Precip Dry Q) 0.2593  -0.3343   0.6066  -0.5749   0.1269   0.3249  -0.0294 
Elevation -0.1098   0.6202  -0.0368  -0.5824  -0.5113  -0.0361 0.0023 
Proportion of Variance 0.4592  0.3064  0.1718  0.0426  0.0183  0.0014  0.0003 
Cumulative Variance 0.4592  0.7656  0.9375  0.9800  0.9983  0.9997  1.0000 
 
Table 4.3. ANCOVA table from climatic and regional PGLS analysis. Only climate PC1 
significantly correlated with SA:V (bolded). Interactions between PC axes were not included in 
the model as they are inherently orthogonal. 
VARIABLE F Z p 
PC1 8.8620 1.508 0.009 
PC2 0.2545  -0.060 0.599 
PC3 0.0016 -2.509 0.974 
REGION 1.4759  0.755 0.220 
PC1*REGION 0.2356  -0.124 0.637 
PC2*REGION 0.5460  0.300 0.466 
PC3*REGION 0.1907 -0.176 0.659 
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The analyses comparing SA:V disparity and rate of evolution across regions provided 
evidence consistent with an evolutionary release experienced by the tropical species. 
Specifically, tropical species displayed more than twice as much morphological disparity 
(DispTrop = 0.279, DispTemp = 0.137, p = 0.001; Figure 4.3B) and exhibited substantially faster 
rates of morphological evolution than temperate species (Rate Ratio = 1.526, p = 0.016) when 
taking phylogeny into consideration. In performing a similar test of disparity on the species’ 
mean climates across regions, we observed a much broader range of climatic variation occupied 
by tropical species (DispTrop = 7.118, DispTemp = 3.327, p = 0.001), mirroring the patterns in 
SA:V evolution. We subsequently constructed a ‘phyloclimatespace’ using phylomorphospace 
plotting methods and the pruned Bonett and Blair consensus tree (2017), illustrating that the 
greater climatic disparity exhibited by tropical species distributions as well as a clear delineation 
between the temperate and tropical species climates (Figure 4.3A) such that there is no overlap 
of temperate and tropical species’ climatic summaries. Finally, the comparison of climate 
variability across the entire available landscape similarly revealed greater climatic disparity in 
the tropical region (DispTrop = 4.974, DispTemp = 3.720, p = 0.001; Supplemental Figure C2, 
Appendix C). Thus, the increased climatic disparity exhibited by the tropical species’ 
distributional means matches the broader availability of disparate climates inherently present 
across the tropical landscape. The results above did not differ substantially from the robustness 
analyses repeated across the 1000 posterior chronograms, which are summarized in the 
supplemental materials (Supplemental Figure C4, Appendix C).  
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Figure 4.3. Phyloclimatespace and SA:V values across PC1. A: Phyloclimatespace of PC axes 1, 
2, and 3 representing 93.74% of the total measured climate variation. Tips represent species 
climate means standardized using normal deviates. This demonstrates a clear delineation 
between temperate (black) and tropical (red) species climates without overlap (grey dotted line). 
Additionally, the tropical species (red) climate means displayed over twice the climatic disparity 
as the temperate species (black) after taking phylogeny into consideration (DispTrop = 0.279, 
DispTemp = 0.137, p = 0.001). This mirrors the phyloclimatespace of available landscape (Figure 
S2) that similarly shows greater climatic disparity in the tropics (7°S:56°N, 129°W:20°W). In 
panel B, SA:V is plotted against PC1, and the black line represents the significant linear 
regression estimate calculated by the phylogenetic ANCOVA (p = 0.009). The boxplot on the 
right side of Panel B summarizes the overall spread of SA:V values within each region, 
demonstrating the greater SA:V disparity in tropical species (p = 0.001). 
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Discussion 
 Although the macroevolutionary patterns of biomechanical traits responding to ecological 
selective pressures have been studied extensively, comparable patterns of physiological trait 
evolution are less well understood. In this study, we explored the macroevolutionary relationship 
of physiology, morphology, and climate by quantifying surface area to volume ratios (SA:Vs) 
across the family of lungless salamanders, Plethodontidae. To do so, we first established a 
reliable method for estimating salamander SA:V from linear measures. We demonstrated the 
accuracy of this novel method by contrasting the performance of our method against the 
frequently used Whitford Hutchinson (WH) surface area proxy in predicting actual SA:Vs across 
various species and sizes (Figure 4.2). Using our superior method, we then examined the patterns 
of SA:V evolution across climatic and regional variation. We found a significant positive 
correlation of SA:V with warmer, wetter climates (Figure 4.3B). Additionally, we found that 
tropical species displayed greater SA:V disparity and faster rates of SA:V evolution than 
temperate species (Figure 4.3B). Interestingly, this regional pattern in morphological disparity 
was mirrored by greater climatic disparity among tropical species’ distributions (Figure 4.3A) 
and greater climatic disparity across the entire available tropical landscape (Supplemental Figure 
C2, Appendix C). Together, these patterns suggest that the tropical region inherently contains a 
broader array of climatic niches to exploit, providing plethodontids with a potential evolutionary 
release from physiological constraints following their invasion of the Neotropics. This study is 
the first to quantify the macroevolutionary patterns of SA:V across Plethodontidae, 
demonstrating the importance of accurate SA:V estimation and the impact of physiology on the 
evolution of plethodontid phenotypic variation.  
 An important note from our macroevolutionary study is that we examined broad scale 
climatic factors across species ranges rather than fine scale occurrence-based environmental 
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measurements. We acknowledge that broad scale climatic patterns may not directly represent 
what an individual salamander experiences (Ficetola et al. 2018), as plethodontids are known for 
small scale movements to achieve specific microenvironmental conditions (Farallo et al. 2018). 
Consequently, our approach was not an attempt to quantify these selected microenvironments, 
but rather to characterize the broader climatic envelope that determines the frequency and variety 
of microenvironments available for selection. The clear correlation between SA:V and the 
climatic data used here only serves to emphasize the substantial influence climate has on the 
macroevolution of plethodontid salamanders. One limitation to this interpretation is that our 
findings were based on contemporary rather than historical climate data. Thus, the climate 
experienced by current tropical species may not represent what species experienced during the 
invasion of the Neotropics 45 MYA (Shen et al. 2016). Due to the limitations of the data, we did 
not attempt to define the environmental conditions at any particular point in history.  
 Somewhat surprisingly, this study revealed a positive correlation between SA:V, 
precipitation, and temperature (Table 4.3, Figure 4.3B). While SA:V’s positive relationship with 
precipitation follows logically (high SA:V corresponds with high desiccation rate), the positive 
correlation of SA:V with temperature refines the traditional understanding of how temperature 
influences desiccation in amphibians. Early empirical studies on salamander desiccation rates 
demonstrated that higher temperatures elicited higher desiccation rates (Spotila 1972), aligning 
with the consensus among herpetologists that plethodontids prefer cool environments (Petranka 
1998). However, Spotila (1972) also demonstrated that these temperature effects were greatly 
diminished in humid conditions. In our study, the warm climates associated with higher SA:Vs 
across PC1 were also characterized by higher precipitation (Table 4.2); thus it seems probable 
that the detrimental effect of increased temperature on desiccation rate is mitigated by the 
concordant increase in precipitation. Further, dew point increases with temperature, allowing 
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more water vapor to accumulate in the air in warmer temperatures (Ahrens 2000). Therefore, 
warmer and wetter climates likely provide plethodontids with humid environments that allow for 
activity in exposed areas without risk of desiccation.  
 In this study, we presented strong evidence of a morphological response to ecological 
selective pressures in a family of salamanders whose morphology is not often associated with 
differences in habitat (Kozak and Wiens 2016). Previous investigations into the macroevolution 
of morphology have largely concluded that variation in plethodontid body proportions across 
taxa do not always correspond to what is predicted by selection across environmental gradients 
(Adams et al. 2009; Blankers et al. 2012; Baken and Adams 2019; but see Bonett and Blair 
2017). The uniquely compelling results of our study suggest that SA:V may represent a key 
morphological trait that does respond predictably to environmental selective pressures, as much 
of the physiology of plethodontids, and thus their organismal performance, is mitigated through 
the consequences of cutaneous respiration and possible desiccation risk (see Feder 1983). This 
might also serve to explain why other measures of body shape have not shown predictable 
evolutionary patterns; parallel changes in SA:V can be accomplished by several different 
changes in body shape (e.g., lengthening either the torso or the tail both increase SA:V). Thus, 
different modifications of shape that confer similar SA:V adaptations could result in body shape 
evolution that does not appear to display a distinctive trajectory.  
 In addition, our novel SA:V estimation method provides advantages over the WH surface 
area proxy. For instance, the WH proxy is based on two parameters (slope and intercept) which 
are treated as constants across all plethodontids. This approach explicitly assumes identical 
scaling across the 465 species in the family. As a consequence, the mass-based WH proxy 
neglects interspecific, intraspecific, and ontogenetic body shape variation in plethodontids as 
demonstrated by previous studies (e.g., Hanken 1982; Wake 1989; Adams et al. 2009). 
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Consequently, the WH proxy does not accurately characterize SA:V, and thus the potential for 
error is high. By contrast, our novel method does account for body shape variation across 
individuals thereby characterizing allometric trends in SA:V should they be present. 
Furthermore, our method shows a 1:1 relationship with actual SA:Vs, indicating constancy in the 
accuracy of our measure (Figure 4.2). Thus, our method is preferred and should be used in future 
investigations of SA:V in salamanders.  
 Our climatic analyses demonstrated the substantial impact of precipitation and 
temperature on the evolutionary history of Plethodontidae. Indeed, these results are in accord 
with previous studies that have shown these environmental variables influence ecology (e.g., 
Farallo et al. 2018), and our results illustrated the evolutionary impact of these climatic variables 
on morphology. This study therefore deepens our understanding of the role of these 
environmental variables in generating plethodontid diversity. We also suggest that future studies 
investigating how temperature and precipitation have impacted other facets of plethodontid 
evolution would be fruitful. 
 Finally, the results of our study shed new light on the unique evolutionary history of 
tropical salamanders. It has long been noted that this tropical lineage represents an important and 
interesting radiation in amphibian evolution (Wake 1987). Namely, tropical plethodontids are 
known to have relatively divergent and fast evolving climatic niches (Kozak and Wiens 2007; 
2010), a high prevalence of arboreality (McEntire 2016; Baken and Adams 2019), high rates of 
morphological evolution (Rabosky and Adams 2012), high rates of species diversification 
(Wiens 2007), and high species richness (AmphibiaWeb 2016). Although these patterns have 
interested biologists for years, attempts at explaining them have been narrow in scope, 
considering only a few observed patterns at a time. For instance, Rabosky and Adams (2012) 
implicated the high rate of morphological evolution as the mechanism behind increased tropical 
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species richness. Others have suggested that the elevated diversification rates and greater species 
richness in tropical clades may be the result of either greater climatic stability across time (Wiens 
2007) or faster rates of climatic niche evolution in the tropics (Kozak and Wiens 2010; 2016). 
Despite the many attempts to understand these phenomena in isolation, a single overarching 
explanation remains elusive. In this paper, we revealed several important relationships between 
climate, the tropics, and plethodontid morphology which have the potential to provide a unifying 
pathway towards understanding the unique evolutionary history of tropical salamanders. 
Specifically, we argued that desiccation is a major constraint for salamander evolution, and 
responses to desiccation have driven the major ecological and evolutionary differences of 
temperate and tropical plethodontids. In this light, we hypothesize that the invasion of the 
Neotropics constituted a physiological release from desiccation, made possible by the inherently 
broader and less desiccation-prone climate space available. We suggest that this relaxation of 
physiological selective pressures explains the increased disparity and rate of SA:V evolution, as 
well as decreased extinction rates, the increased species richness, the faster morphological and 
climatic niche evolution, and the higher incidence of arboreality observed in the tropical clade. 
Through the lens of desiccation, many ecological and evolutionary patterns across regions can be 
explained as responses to relaxed physiological selective pressures offered by the tropical 
climatic landscape. Thus, we conclude that desiccation is one of the more impactful ecological 
and evolutionary forces for this family, through which many other regional patterns can be better 
understood.  
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CHAPTER 5.    GENERAL CONCLUSION 
Biologists have long sought to identify the evolutionary mechanisms responsible for 
generating the impressive morphological and ecological diversity observed across the tree of life. 
Deciphering how and when ecological selective pressures result in dramatic macroevolutionary 
shifts sheds light on basic evolutionary and ecological theory alike. My dissertation work 
explores the relationships between life history, morphology, and abiotic conditions across the 
family of lungless salamanders, Plethodontidae, in order to define the selective pressures 
responsible for shaping their macroevolutionary history. The first goal of this research was to 
understand how and why many plethodontid species occupy the arboreal microhabitat despite the 
seemingly inhospitable nature of arboreal life for these salamanders. As such, we worked to 
define the macroevolutionary relationships between plethodontid microhabitat use and functional 
morphology, as well as those between microhabitat use and climate. To complete the picture, we 
then explored the relationship between functional morphology and climate, providing 
multifaceted insights into the macroevolutionary roles of microhabitat use, functional 
morphology, and climatic envelope for Plethodontidae. 
This dissertation provides the first comprehensive investigation into the 
macroevolutionary dynamics of microhabitat use across all salamanders (Chapter 2; Baken and 
Adams 2019). With this research, we revealed a high likelihood that the most recent common 
ancestor for all of Plethodontidae lived out of water, contributing a crucial piece of 
counterevidence to the commonly held rheotropic theory of Plethodontidae’s loss of lungs 
(Wilder and Dunn hypothesis; Wilder and Dunn 1920). Here, the rheotropic theory hinges upon a 
partially or fully aquatic lifestyle being present at the root of the family, which based on our 
findings, was highly unlikely (Baken and Adams 2019). We also found evidence for several 
independent transitions towards arboreal life within Plethodontidae and over 60 reversions to 
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terrestrial life. In testing the macroevolutionary relationship between microhabitat use and 
functional morphology, we did not find any evidence of a unique arboreal phenotype for either 
foot shape or body shape. Thus, our research makes plain that arboreality in salamanders is not 
limited to species with complex morphological adaptations to such a microhabitat. Rather, with 
relatively few invasions of arboreal microhabitats, no morphological specialization, and frequent 
evolutionary transitions back to terrestrial life, we concluded that the arboreal microhabitat acts 
as an evolutionarily transitory state, where although many lineages persist as arboreal species, 
there is a strong tendency to reacquire a terrestrial lifestyle (Baken and Adams 2019). However, 
this initial study did not clarify the mechanisms causing the arboreal microhabitat to be 
evolutionarily transitory. Thus, we next investigated the evolutionary role of climate in 
plethodontid microhabitat use. 
Plethodontidae, along with other salamander species, are highly sensitive to 
environmental perturbations (e.g., Farallo et al. 2018; McEntire and Maerz 2019). Many 
behavioral patterns are attributable to abiotic variation, and it follows that such responsive 
changes could scale up dramatically, playing a macroevolutionary role in microhabitat dynamics. 
In Chapter 3, we explored this possibility using the WorldClim (Hijmans et al. 2005; Title and 
Bemmels 2018) and the International Union for Conservation of Nature (IUCN 2010) databases, 
along with other publicly available climate and occurrence data. Employing two complementary 
analytical approaches, we demonstrated how arboreal and terrestrial species occupy different 
climatic niches. We also revealed that very little of the geographic region occupied by terrestrial 
species is suitable for arboreal life. This evidence is consistent with climate acting as a major 
determinant of microhabitat use, such that the climate must be both wet and warm enough for 
plethodontid species to persist in arboreal microhabitats. 
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Chapters 2 and 3 of this dissertation align with the widely held notion that salamanders 
are limited in morphological, geographic, and ecological niche adaptability. Caudata display a 
fairly consistent body plan with little morphological variation across the order: small body, four 
splayed limbs of approximately equal size, permeable skin, and a long tail. Indeed, this 
evolutionary stability is exemplified by the ‘small black Plethodon problem’, which refers to the 
fact that there is near uniformity in external morphology for many species in the genus, 
Plethodon (Thurow 1968). Furthermore, explorations of this family’s biogeographic evolution 
suggest that the plethodontid dispersal history proceeded slowly and steadily (Wake and Lynch 
1976), with only a few long-distance dispersal events. This family is also thought to be 
particularly slow-evolving in terms of their ecological niche, and such evolutionary stability of 
ecological niche breadth, also referred to as niche conservatism, has been invoked as a 
mechanism of allopatric speciation in this clade (Kozak and Wiens 2010a). Chapters 2 and 3 of 
this dissertation contribute to this discussion, and similarly suggests that the evolution of 
arboreality also follows this pattern of morphological, geographic, and ecological stability. 
Under this scenario, the ability to transition between microhabitats is determined by climatic 
constraints; as climate and environment shifted across deep time or clades slowly colonized new 
geographic regions, certain plethodontid lineages experienced the freedom to colonize arboreal 
niches. Then, as the climate continued to change, some ranges may have become once again 
unsuitable for arboreal life, forcing arboreal species to abandon the trees and return to terrestrial 
life. This paints a picture of a very passive and reactionary evolutionary story of microhabitat 
use, where Plethodontidae does not display the evolutionary potential to dramatically diverge 
from their morphological, geographic, or ecological ancestry. Future investigations into the 
evolutionary history of climate variation could be paired with detailed biogeographic histories of 
the major plethodontid lineages to test the evolutionary relationship between climate and 
97 
 
 
microhabitat use more directly. Hypothetically, if the major transitions towards arboreality align 
with ancestral range- and climate estimations that correspond to the arboreal environmental niche 
defined in Chapter 3, we could infer that the modern-day climate-microhabitat relationship is 
relevant to the ancestral microhabitat transition dynamics. Further, quantifying the climatic 
niches occupied by species before and after historical microhabitat transitions could provide 
more evidence towards whether climate determines the availability of the arboreal microhabitat 
in Plethodontidae. Thus, this area of investigation remains quite fruitful.  
One potential impact of this research is in providing more predictive power regarding 
microhabitat use as the Earth’s climate continues to change rapidly. Using climate projection 
models, one could, in theory, predict microhabitat transitions as species’ ranges undergo climate 
shifts towards or away from the arboreal climate niche defined in Chapter 3. In this manner, this 
work could have serious conservation implications. For instance, deforestation may have a 
disproportionate negative impact on species that occupy ranges whose climate is shifting towards 
the arboreal climate niche. Alternatively, if some arboreal species experience a climate shift 
away from the arboreal climate niche and are forced to live terrestrially, this microhabitat 
transition may result in resource competition with sympatric terrestrial species with potentially 
dramatic consequences. 
Importantly, our results do not suggest that climate is the sole determinant of 
microhabitat use for Plethodontidae. First, there are several locations in the western US and 
central America where arboreal and terrestrial species live in sympatry. Second, or perhaps 
consequently of the previous point, the range of climate niches occupied by arboreal and 
terrestrial species, although differing in mean, overlap substantially. Thus, it seems that climate 
is important in driving microhabitat use, but other biological components are at play. 
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Investigating the terrestrial species that occupy ranges conducive to arboreal life could shed light 
on the secondary determinants of microhabitat use after climate.  
Upon revealing the influential role of climate in shaping plethodontid microhabitat use, 
we explored whether climate has similar influential power in driving the evolution of 
physiologically-relevant morphological traits (Chapter 4; Baken et al. 2020). Perhaps the most 
functionally relevant trait, which was investigated in this dissertation, is surface area to volume 
ratio (SA:V), as the limited resistance to water loss in plethodontids implies that desiccation rate 
is almost entirely determined by SA:V (MacMahon 1964; Spight 1968). To study such a vital 
trait required the development of a novel SA:V estimation method from linear measures, which 
we demonstrated to be superior to all previous proxies used in the field (Baken et al. 2020). 
Using this novel method, we then quantified how SA:V varied with respect to ecologically-
relevant climate variables, demonstrating that SA:V correlates positively with warmer, wetter 
climates as predicted by our hypothesis (Baken et al. 2020). Furthermore, we found evidence to 
suggest that the tropical region confers an ecological advantage for plethodontids in the 
impressively expansive climatic breadth available (Baken et al. 2020). That is to say that upon 
reaching the tropics, plethodontids were seemingly exposed to a much more diverse, and less 
desiccation-prone climate landscape, which constituted an evolutionary release from the climate-
induced selective pressures constraining SA:V to low values in temperate regions.  
Despite foot and body shape showing relatively limited evolutionary responses to 
microhabitat use (Chapter 2; Baken and Adams 2019), results from Chapter 4 show that 
morphology may respond to ecological selective pressures in a more cryptic manner than 
previously appreciated. As climate is a major evolutionary driver of Plethodontidae evolution, 
non-climate related morphological traits may not show considerable variation. By demonstrating 
a clear correlation of SA:V with climate, Chapter 4 offers an explanation as to why classic 
99 
 
 
investigations into body shape have not revealed unique ecomorphs across ecological axes: a 
single SA:V value can be accomplished by infinite body shapes, and thus, two seemingly 
disparate body shapes that confer the same SA:V may in fact have resulted from similar 
physiological evolutionary pressures. Put another way, mathematically there is a many-to-one 
mapping (sensu Wainwright et al. 2005) of linear body proportions and SA:V, such that 
investigations of the former may not reveal associations with climate, whereas examination of 
the latter displays the relevant ecological signal. If this is the case, salamanders may exhibit 
functional convergence of body shape to local SA:V optima. Unfortunately, these patterns could 
not be quantified prior to our SA:V estimation method development, as previous quantifications 
of SA:V were simply extrapolations of body length or body mass. Therefore, Chapter 4 opens 
the door to several lines of investigation to explicate plethodontid morphological diversity in 
terms of SA:V rather than traditionally-quantified body shape. 
The main finding from this body of research is that climate plays a dramatic role in the 
macroevolutionary history of Plethodontidae. The ways in which abiotic conditions influence 
ecological variation on small scales has previously been established, but this dissertation 
demonstrates the ways in which climate influences macroevolutionary patterns of morphology 
and microhabitat use. Overall, we conclude that investigations into plethodontid morphology and 
microhabitat use are greatly improved by considering climate variation, and future research into 
the more nuanced components of this three-pronged research program will provide important 
insights into how this family has evolved. Finally, as the earth’s climate continues to change 
rapidly, this research lays the vital groundwork for investigating how climate change will 
influence salamander survival and evolution in the coming decades. Thus, the research herein 
describes many important, complex patterns regarding the evolutionary past, present, and future 
of this fascinating branch of the tree of life. 
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APPENDIX A.    ADDITIONAL TABLES AND FIGURES FOR CHAPTER 2 
Supplemental Table A1. 95% confidence intervals were calculated by running all analyses across 
the posterior chronograms. In all cases, ARD was the best fit model. 
 
Classification  Model AIC ∆AIC CI 
6-M 
ER 1011.77 172.54 (1011.184, 1012.365) 
Sym 913.44 74.21 (912.969, 913.917) 
ARD 839.23 0 (838.863, 839.589) 
6-L 
ER 1243.00 133.05 (1242.513, 1243.485)  
Sym 1153.34 43.39 (1152.971, 1153.704) 
ARD 1109.95 0 (1109.584, 1110.314) 
7-M 
ER 1141.72 174.53 (1141.059, 1142.374) 
Sym 1052.48 85.29 (1051.954, 1053.002) 
ARD 967.19 0 (966.789, 967.602) 
7-L 
ER 1489.07 195.05 (1488.541, 1489.604) 
Sym 1341.69 47.67 (1341.286, 1342.086) 
ARD 1294.02 0 (1293.634, 1294.414) 
6-McM 
ER 1034.61 182.50 (1034.216, 1035.005) 
Sym 925.93 73.82 (925.569, 926.292) 
ARD 852.11 0 (851.690, 852.522) 
6-McL 
ER 1250.50 106.78 (1249.976, 1251.026) 
Sym 1171.17 27.45 (1170.786, 1171.551) 
ARD 1143.72 0 (1143.336, 1144.113) 
 
Supplemental Table A2. Estimated number of microhabitat transitions under variable 
classification schemes. Microhabitat classifications include cave (C), fossorial (F), saxicolous 
(S), semi-aquatic (SA), terrestrial (T), and aquatic (W). Ranges were generated from stochastic 
mapping analyses using the consensus tree and the 1000 posterior chronograms. All estimates 
averaging at least 1 transition are bolded. The set of stochastic maps with the fewest number of 
transitions towards arboreality was calculated using the 6-M and 7-M classification schemes. In 
both cases, at least 95% of the stochastic maps estimated 5 or more transitions. Notably, 
classification schemes 6-L, 7-L, and 6-McL have much higher estimates for the number of 
transitions towards arboreality. This is due to the more lenient rules used for classifying species 
as arboreal resulting in far more species with that microhabitat designation. The 6-L, 7-L, and 6-
McL classifications include species in the arboreal category that are only partially arboreal. 
Further, the 6-McL classification includes many species as arboreal that occasionally climb on 
vegetation, rather than regularly inhabiting trees (see McEntire 2016). 
 6-M 6-L 7-M 7-L 6-McM 6-McL 
C 0 0 -0.019-0.019 0 -0.108-0.108 17.662-17.662 
F 0 2.180-2.280 -0.123-0.123 2.656-2.684 0 21.138-21.166 
S 0.517-0.597 0 0.127-0.299 0 -0.113-0.121 0 
SA - - 0 0 - - 
T 7.6658-7.813 15.333-15.611 8.101-8.311 17.421-17.581 8.859-8.979 15.966-16.104 
W 0 0 0 0 -0.076-0.076 0 
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Supplemental Table A3. Ancestral state estimation of microhabitat use at Plethodontidae root. 
Microhabitat classification types include arboreal (A), cave (C), fossorial (F), saxicolous (S), 
semi-aquatic (SA), terrestrial (T), and aquatic (W). Confidence intervals were generated by 
running the analyses across the 1000 posterior chronograms.  The microhabitat type with the 
highest support for each analysis is bolded. All analyses support a non-aquatic ancestor with the 
exception of the 7-L classification scheme, which instead supports a semi-aquatic ancestor for 
Plethodontidae. Since the 7-M classification scheme provides almost no support for a semi-
aquatic ancestor, the difference in results between the 7-M and 7-L analyses is most likely 
explained by the species that switch from T to SA between the two classification schemes. These 
species are those that spend most of their time in terrestrial microhabitats but occasionally 
occupy aquatic microhabitats. Thus, this result suggests that the ancestor for this family was 
primarily non-aquatic, but may have occasionally used aquatic habitats, which is in agreement 
with results from all other classification schemes. 
M
et
ho
d 
Sc
he
m
e 
A C F S SA T W 
ML 
6-
M
 0.399±0.031 0.006±0.009 0.001±0.002 0.053±0.015  0.515±0.031 0.025±0.010 
SM 0.415±0.031 0.005±0.005 0.000±0.002 0.048±0.018   0.498±0.031 0.030±0.009 
ML 
6-
L
 0.046±0.014 0.011±0.009 0.153±0.018 0.112±0.019  0.594±0.031 0.084±0.022 
SM 0.033±0.016 0.008±0.005 0.153±0.015 0.096±0.020  0.604±0.030 0.106±0.018 
ML 
7-
M
 0.364±0.030 0.003±0.006 0.001±0.002 0.022±0.014 0.001±0.003 0.584±0.031 0.024±0.009 
SM 0.364±0.029 0.007±0.008 0.002±0.004 0.032±0.020 0.002±0.004 0.565±0.031 0.028±0.009 
ML 
7-
L
 0.001±0.005 0.018±0.007 0.042±0.014 0.079±0.017 0.662±0.031 0.048±0.022 0.149±0.021 
SM 0.000±0.025 0.019±0.007 0.040±0.009 0.068±0.019 0.675±0.021 0.048±0.031 0.150±0.012 
ML 
6-
M
cM
 
0.342±0.021 0.002±0.013 0.002±0.002 0.020±0.005  0.606±0.015 0.028±0.009 
SM 0.343±0.022 0.001±0.018 0.003±0.001 0.021±0.005  0.605±0.012 0.027±0.005 
ML 
6-
M
cL
 0.038±0.015 0.008±0.011 0.137±0.020 0.154±0.022  0.631±0.029 0.032±0.024 
SM 0.032±0.015 0.007±0.005 0.141±0.016 0.149±0.019   0.638±0.030 0.033±0.018 
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Supplemental Table A4. Pairwise comparisons of body shape evolutionary rates across different 
microhabitat types for 6-M classification scheme on the consensus phylogeny. Microhabitat 
classifications include arboreal (A), cave (C), fossorial (F), saxicolous (S), terrestrial (T), and 
aquatic (W). Pairwise rate ratios are below the diagonal, p-values are above the diagonal, and the 
diagonal contains the observed rate of phenotypic evolution. Significant p-values using a 
conservative Bonferroni correction (α = 0.05/15 = 0.0033) are highlighted in gray along with 
their corresponding pairwise rate ratios. Observed rates for arboreal, terrestrial, and aquatic 
species are bolded. 
 A C F S T W 
A 0.000472 0.088 0.623 0.152 0.001 0.001 
C 1.630088 0.000769 0.656 0.976 0.259 0.002 
F 1.262562 1.291095 0.000596 0.678 0.260 0.010 
S 1.610905 1.011908 1.275902 0.000760 0.339 0.004 
T 2.211870 1.356902 1.751890 1.373060 0.001044 0.001 
W 4.737058 2.906013 3.751941 2.940618 2.141653 0.002236 
 
 
Supplemental Figure A1. Rates of body shape evolution calculated using different classification 
schemes. Microhabitat types are arboreal (A), cave (C), fossorial (F), saxicolous (S), semi-
aquatic (SA), terrestrial (T), and aquatic (W). Confidence intervals were generated by running 
analyses on the 1000 posterior chronograms provided by Bonett and Blair (2017).  For all 
classification schemes, arboreal species have a significantly lower rate of phenotypic evolution 
than terrestrial and aquatic species for at least 94.7% and 98.0% of all posterior chronograms 
respectively. For classification schemes 6-L, 7-L, and 6-McL, arboreal species also displayed 
significantly slower rates of phenotypic evolution than fossorial species. 
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Supplemental Table A5. Pairwise comparisons of foot shape evolutionary rates across different 
microhabitat types for 6-M classification scheme on the consensus phylogeny. Microhabitat 
classifications include arboreal (A), cave (C), fossorial (F), saxicolous (S), terrestrial (T), and 
aquatic (W). Pairwise rate ratios are below the diagonal, p-values are above the diagonal, and the 
diagonal contains the observed rate of phenotypic evolution. Significant p-values using a 
conservative Bonferroni correction (α = 0.05/15 = 0.0033) are highlighted in gray along with 
their corresponding pairwise rate ratios. Observed rates for arboreal, terrestrial, and aquatic 
species are bolded. 
 A C F S T W 
A 0.000005 0.102 0.817 0.484 0.001 0.001 
C 1.334550 0.000007 0.327 0.655 0.076 0.001 
F 1.100233 1.468316 0.000005 0.526 0.063 0.001 
S 1.178442 1.132469 1.296562 0.000006 0.034 0.001 
T 1.820559 1.364175 2.003040 1.544886 0.000010 0.001 
W 5.284321 3.959628 5.813986 4.484157 2.902582 0.000028 
 
 
Supplemental Figure A2. Rates of body shape evolution calculated using different classification 
schemes. Microhabitat types are arboreal (A), cave (C), fossorial (F), saxicolous (S), semi-
aquatic (SA), terrestrial (T), and aquatic (W). Confidence intervals were generated by running 
analyses on the 1000 posterior chronograms provided by Bonett and Blair (2017).  For all 
classification schemes, arboreal species have a significantly lower rate of phenotypic evolution 
than terrestrial and aquatic species for at least 91.4% and 98.4% of all posterior chronograms 
respectively. 
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Supplemental Table A6. Robustness of allometric convergence between arboreal and cave foot 
shape across classification schemes. All but one scheme show significance at alpha = 0.05, and 
the one exception is 6-McL with a p value of 0.23. As 6-McL categorizes all species that 
facultatively use vegetation as arboreal species, we suspect that this list included several species 
that appear on vegetation anomalously (see McEntire 2016). Thus the foot shape of these species 
is likely not to have responded to selective pressures associated with climbing. 
Scheme Distance P-Value 
6-M 0.130 0.01 
6-L 0.102 0.02 
7-M 0.131 0.01 
7-L 0.078 0.01 
6-McM 0.120 0.02 
6-McL 0.012  0.23 
 
 
Supplemental Figure A3. Allometric convergence of arboreal and cave-dwelling foot shape as 
foot size (centroid size) increases. Circled in red are the predicted foot shapes for small and large 
foot sizes used to assess significance. 
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APPENDIX B.    ADDITIONAL TABLES AND FIGURES FOR CHAPTER 3 
Supplemental Table B1. Species specific microhabitat designation under each classification 
scheme. The climate data source indicates where the species polygon data came from, either the 
IUCN database or manually constructed from VertNet occurrence data, following IUCN 
guidelines. Some species had additional components of the species polygon added to the IUCN 
polygon through this method as well. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data 
Source 
Aneides aeneus S S S A S S IUCN 
Aneides ferreus A A A A A A IUCN 
Aneides flavipunctatus T S T S T S IUCN 
Aneides hardii T T T T T T IUCN 
Aneides lugubris A A A A A A IUCN 
Aneides vagrans A A A A A A IUCN 
Aquiloeurycea cephalica T T T T T T IUCN 
Aquiloeurycea galeanae T T T T T T IUCN 
Aquiloeurycea 
quetzalanensis 
T A A A T A IUCN 
Batrachoseps altasierrae T T T T T T Manual 
Batrachoseps attenuatus T T T A T T IUCN 
Batrachoseps bramei T S T S T S Manual 
Batrachoseps campi T S T S T S IUCN 
Batrachoseps diabolicus T T T T T T IUCN 
Batrachoseps gabrieli T T T T T T IUCN 
Batrachoseps gavilanensis T T T T T T IUCN 
Batrachoseps gregarius T T T T T T IUCN 
Batrachoseps incognitus T T T T T T IUCN 
Batrachoseps kawia T S T S T S IUCN 
Batrachoseps luciae T T T T T T IUCN 
Batrachoseps major F F F A F F IUCN 
Batrachoseps minor T T T T T T IUCN 
Batrachoseps nigriventris T T T A T T IUCN 
Batrachoseps pacificus T T T A T T IUCN 
Batrachoseps regius T T T T T T IUCN + Manual 
Batrachoseps relictus T T T T T T IUCN + Manual 
Batrachoseps robustus T T T T T T IUCN 
Batrachoseps simatus T T T T T T IUCN 
Batrachoseps stebbinsi S S S S S S IUCN 
Batrachoseps wrighti T F T F T F IUCN 
Bolitoglossa adspersa T T T A T T IUCN 
Bolitoglossa alberchi T T T T T T IUCN 
Bolitoglossa alvaradoi A A A A A A IUCN 
Bolitoglossa biseriata A A A A A A IUCN 
Bolitoglossa bramei A A A A A A IUCN 
Bolitoglossa carri A A A A A A IUCN 
Bolitoglossa celaque A A A A A A IUCN 
Bolitoglossa cerroensis T T T T T T IUCN 
Bolitoglossa colonnea A A A A A A IUCN 
Bolitoglossa compacta T T T A T T IUCN 
Bolitoglossa conanti A A A A A A IUCN 
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Supplemental Table B1 Continued. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data 
Source 
Bolitoglossa cuchumatana T A A A T A IUCN 
Bolitoglossa cuna A A A A A A IUCN 
Bolitoglossa diaphora T T T A T T IUCN 
Bolitoglossa dofleini T A A A T A IUCN 
Bolitoglossa dunni A A A A A A IUCN + Manual 
Bolitoglossa engelhardti A A A A A A IUCN 
Bolitoglossa epimela T T T A T T IUCN 
Bolitoglossa equatoriana A A A A A A IUCN 
Bolitoglossa flavimembris T T T A T T IUCN 
Bolitoglossa flaviventris T T A A T T IUCN 
Bolitoglossa franklini A A A A A A IUCN 
Bolitoglossa gomezi A A A A A A IUCN 
Bolitoglossa gracilis T T T A T T IUCN 
Bolitoglossa hartwegi S S S A S S IUCN 
Bolitoglossa heiroreias T S T A T S IUCN 
Bolitoglossa helmrichi A A A A A A IUCN 
Bolitoglossa hermosa A A A A A A IUCN 
Bolitoglossa lincolni T A A A T A IUCN 
Bolitoglossa longissima A A A A A A IUCN 
Bolitoglossa macrinii T T T A T T IUCN 
Bolitoglossa marmorea T A A A T A IUCN 
Bolitoglossa medemi A A A A A A IUCN 
Bolitoglossa meliana T A A A T A IUCN 
Bolitoglossa mexicana A A A A A A IUCN 
Bolitoglossa minutula T T T A T T IUCN 
Bolitoglossa mombachoensis A A A A A A IUCN 
Bolitoglossa morio T A A A T A IUCN 
Bolitoglossa mulleri T A A A T A IUCN 
Bolitoglossa nigrescens T T T T T T IUCN 
Bolitoglossa nympha T T A A T T Manual 
Bolitoglossa oaxacensis T T T T T T IUCN 
Bolitoglossa occidentalis A A A A A A IUCN 
Bolitoglossa odonnelli T T A A T T IUCN + Manual 
Bolitoglossa orestes T T T T T T IUCN 
Bolitoglossa palmata T T T T T T IUCN 
Bolitoglossa paraensis A A A A A A IUCN 
Bolitoglossa peruviana T T A A T T IUCN 
Bolitoglossa pesrubra T T A A T T IUCN 
Bolitoglossa platydactyla A A A A A A IUCN 
Bolitoglossa porrasorum A A A A A A IUCN 
Bolitoglossa riletti A A A A A A IUCN 
Bolitoglossa robinsoni T T T T T T Manual 
Bolitoglossa robusta T T T A T T IUCN 
Bolitoglossa rostrata T A A A T A IUCN 
Bolitoglossa rufescens A A A A A A IUCN 
Bolitoglossa schizodactyla A A A A A A IUCN 
Bolitoglossa sombra A A A A A A IUCN 
Bolitoglossa stuarti A A A A A A IUCN 
Bolitoglossa subpalmata A A A A A A IUCN 
Bolitoglossa suchitanensis T T T A T T IUCN 
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Supplemental Table B1 Continued. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data Source 
Bolitoglossa synoria A A A A A A IUCN 
Bolitoglossa tica T A A A T A IUCN 
Bolitoglossa yucatana T A A A T A IUCN 
Bolitoglossa zapoteca T T T T T T IUCN 
Bradytriton silus T T T T T T IUCN + Manual 
Chiropterotriton arboreus A A A A A A IUCN 
Chiropterotriton 
chondrostega 
T T T A T T IUCN 
Chiropterotriton cracens A A A A A A IUCN 
Chiropterotriton dimidiatus T T T T T T IUCN 
Chiropterotriton lavae A A A A A A IUCN 
Chiropterotriton magnipes C C C C C C IUCN 
Chiropterotriton 
miquihuanus 
T T T T T T Manual 
Chiropterotriton mosaueri T T T T T T IUCN 
Chiropterotriton 
multidentatus 
A A A A A A IUCN 
Chiropterotriton priscus T T T T T T IUCN 
Cryptotriton alvarezdeltoroi T T T T T T IUCN 
Cryptotriton monzoni A A A A A A IUCN 
Cryptotriton nasalis A A A A A A IUCN 
Cryptotriton sierraminensis A A A A A A IUCN 
Cryptotriton veraepacis A A A A A A IUCN 
Dendrotriton bromeliacius A A A A A A IUCN 
Dendrotriton chujorum A A A A A A IUCN 
Dendrotriton cuchumatanus T T T T T T IUCN 
Dendrotriton kekchiorum T T T A T T IUCN 
Dendrotriton megarhinus A A A A A A IUCN 
Dendrotriton rabbi A A A A A A IUCN 
Dendrotriton sanctibarbarus A A A A A A IUCN 
Dendrotriton xolocalcae A A A A A A IUCN 
Desmognathus abditus T T T T T T IUCN 
Desmognathus aeneus T T T A T T IUCN 
Desmognathus apalachicolae T T T A T T IUCN 
Desmognathus auriculatus T W T W T SA IUCN 
Desmognathus brimleyorum W W W W SA SA IUCN 
Desmognathus carolinensis T T T A T T IUCN 
Desmognathus conanti W W W W SA SA Manual 
Desmognathus folkertsi W W W W W W IUCN 
Desmognathus fuscus W W W W SA SA IUCN + Manual 
Desmognathus imitator T T T A T T IUCN 
Desmognathus marmoratus W W W A W W IUCN 
Desmognathus monticola T W T A T SA IUCN 
Desmognathus ochrophaeus T T T A T T IUCN 
Desmognathus ocoee T T T A T T IUCN 
Desmognathus orestes T S T A T S IUCN 
Desmognathus organi T A T A T A Manual 
Desmognathus planiceps W W W W W W Manual 
Desmognathus 
quadramaculatus 
W W W A SA SA IUCN 
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Supplemental Table B1 Continued. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data Source 
Desmognathus santeetlah T S T A T S IUCN 
Desmognathus welteri T T T T T T IUCN 
Desmognathus wright T T T A T T IUCN 
Ensatina eschscholtzii T T T A T T IUCN 
Eurycea aquatica W W W W W W Manual 
Eurycea bislineata W W W A SA SA IUCN + Manual 
Eurycea chamberlaini W W W W SA SA Manual 
Eurycea chisholmensis W W W W W W IUCN 
Eurycea cirrigera W W W A W W IUCN 
Eurycea guttolineata T W T W T SA IUCN 
Eurycea junaluska T W T W T SA IUCN 
Eurycea latitans W W W W W W IUCN 
Eurycea longicauda T C T A T C IUCN + Manual 
Eurycea lucifuga C C C C C C IUCN 
Eurycea multiplicata W W W W SA SA IUCN 
Eurycea nana W W W W W W IUCN 
Eurycea naufragia W W W W W W IUCN 
Eurycea neotenes W W W W W W IUCN 
Eurycea pterophila W W W W W W IUCN 
Eurycea quadridigitata W W W W SA SA IUCN 
Eurycea rathbuni W W W W W W IUCN 
Eurycea sosorum W W W W W W IUCN 
Eurycea spelaea C C C C C SA IUCN 
Eurycea tonkawae W W W W W W IUCN 
Eurycea tridentifera W W W W W W IUCN 
Eurycea troglodytes W W W W SA SA IUCN 
Eurycea tynerensis W W W W W W IUCN 
Eurycea wallacei W W W W W W IUCN 
Eurycea waterlooensis W W W W W W IUCN 
Eurycea wilderae W W W A W W IUCN 
Gyrinophilus gulolineatus C C C C C SA IUCN 
Gyrinophilus palleucus W W W W W W IUCN 
Gyrinophilus porphyriticus W W W A SA SA IUCN 
Gyrinophilus subterraneus W W W W SA SA IUCN 
Hemidactylium scutatum T F T F T F IUCN 
Hydromantes brunus S S S S S S IUCN 
Hydromantes platycephalus T T T T T T IUCN 
Hydromantes shastae C C C C C C IUCN 
Isthmura bellii T T T A T T IUCN 
Ixalotriton niger A A A A A A IUCN 
Ixalotriton parvus A A A A A A IUCN 
Nototriton abscondens T A A A T A IUCN 
Nototriton barbouri T T T A T T IUCN 
Nototriton brodiei T T T A T T IUCN 
Nototriton limnospectator T T T A T T IUCN 
Nototriton picadoi A A A A A A IUCN 
Nototriton richardi T T T T T T IUCN 
Nototriton saslaya T T A A T T IUCN 
Nyctanolis pernix T T T A T T IUCN 
Oedipina carablanca T T T T T T IUCN 
110 
 
 
Supplemental Table B1 Continued. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data Source 
Oedipina complex F F F A F F IUCN 
Oedipina cyclocauda T F T F T F IUCN 
Oedipina elongate T F T F T F IUCN 
Oedipina gephyra T T T T T T IUCN 
Oedipina gracilis T A T A T A IUCN 
Oedipina grandis T T T T T T IUCN 
Oedipina maritima T T T T T T IUCN 
Oedipina nica T T T T T T Manual 
Oedipina parvipes F F F A F F IUCN 
Oedipina poelzi T T T T T T IUCN 
Oedipina pseudouniformis T T T T T T IUCN 
Oedipina savage T T T T T T IUCN 
Oedipina taylori T F T F T F IUCN 
Oedipina tomasi T T T T T T IUCN 
Oedipina uniformis T F T F T F IUCN 
Parvimolge townsendi T T T A T T IUCN 
Phaeognathus hubrichti T T T T T T IUCN 
Plethodon albagula T S T A T S IUCN 
Plethodon amplus S S S S S S IUCN 
Plethodon angusticlavius T C T C T C IUCN 
Plethodon asupak T T T T T T IUCN 
Plethodon aureoles T T T T T T IUCN + Manual 
Plethodon caddoensis T F T A T F IUCN 
Plethodon chattahoochee T S T A T S Manual 
Plethodon cheoah T F T F T F IUCN 
Plethodon chlorobryonis T S T S T S Manual 
Plethodon cinereus T T T A T T IUCN 
Plethodon cylindraceus T S T S T S IUCN 
Plethodon dorsalis T F T F T F IUCN + Manual 
Plethodon dunni T T T T T T IUCN 
Plethodon electromorphus T F T F T F IUCN 
Plethodon elongatus T T T T T T IUCN 
Plethodon fourchensis T T T T T T IUCN 
Plethodon glutinosus T S T A T S IUCN 
Plethodon grobmani T T T T T T Manual 
Plethodon hoffmani T F T F T F IUCN 
Plethodon hubrichti T F T A T F IUCN 
Plethodon idahoensis T F T A T F IUCN 
Plethodon jordani T F T A T F IUCN + Manual 
Plethodon kentucki T F T F T F IUCN 
Plethodon kiamichi T T T T T T IUCN 
Plethodon kisatchie T T T T T T IUCN 
Plethodon larselli T T T T T T IUCN 
Plethodon meridianus T F T F T F IUCN 
Plethodon metcalfi T T T A T T IUCN 
Plethodon mississippi T S T S T S Manual 
Plethodon montanus T T T A T T IUCN 
Plethodon neomexicanus T F T F T F IUCN 
Plethodon nettingi T F T A T F IUCN 
Plethodon ocmulgee T T T T T T Manual 
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Supplemental Table B1 Continued. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data Source 
Plethodon ouachitae T F T A T F IUCN 
Plethodon petraeus T S T S T S IUCN 
Plethodon punctatus T A T A T A IUCN 
Plethodon richmondi T F T F T F IUCN + Manual 
Plethodon sequoyah T T T T T T IUCN 
Plethodon serratus T T T A T T IUCN 
Plethodon shenandoah T T T A T T IUCN 
Plethodon shermani T T T A T T IUCN 
Plethodon stormi T T T T T T IUCN 
Plethodon teyahalee T S T A T S IUCN 
Plethodon vandykei T T T T T T IUCN 
Plethodon variolatus T F T F T F Manual 
Plethodon vehiculum T T T T T T IUCN 
Plethodon ventralis T T T T T T IUCN 
Plethodon virginia T F T F T F IUCN 
Plethodon websteri T F T F T F IUCN 
Plethodon wehrlei T F T A T F IUCN + Manual 
Plethodon welleri T T T A T T IUCN 
Plethodon yonahlossee T T T T T T IUCN 
Pseudoeurycea altamontana T T T T T T IUCN 
Pseudoeurycea aurantia T T T T T T IUCN 
Pseudoeurycea cochranae T T T T T T IUCN 
Pseudoeurycea firscheini A A A A A A IUCN 
Pseudoeurycea gadovii T T T T T T IUCN 
Pseudoeurycea juarezi T T T T T T IUCN 
Pseudoeurycea leprosa T T T A T T IUCN 
Pseudoeurycea longicauda T T T T T T IUCN 
Pseudoeurycea melanomolga T T T T T T IUCN 
Pseudoeurycea mixcoatl T T T T T T IUCN 
Pseudoeurycea obesa T S T S T S IUCN 
Pseudoeurycea orchileucos T F T F T F IUCN 
Pseudoeurycea orchimelas T T T T T T IUCN 
Pseudoeurycea papenfussi S S S S S S IUCN 
Pseudoeurycea rex T T T A T T IUCN 
Pseudoeurycea robertsi T T T T T T IUCN 
Pseudoeurycea ruficauda A A A A A A IUCN 
Pseudoeurycea saltator A A A A A A IUCN 
Pseudoeurycea smithi T T T A T T IUCN 
Pseudoeurycea tenchalli T T T T T T IUCN 
Pseudoeurycea unguidentis A A A A A A IUCN 
Pseudoeurycea werleri T T T T T T IUCN 
Pseudotriton montanus T F T F T F IUCN 
Pseudotriton ruber T W T A T SA IUCN 
Stereochilus marginatus W W W W W W IUCN 
Thorius arboreus A A A A A A IUCN 
Thorius aureus T T T T T T IUCN 
Thorius boreas T T T T T T IUCN 
Thorius dubitus T T T A T T IUCN 
Thorius grandis T T T T T T IUCN 
Thorius lunaris T T T T T T IUCN 
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Supplemental Table B1 Continued. 
Species 6-M 6-L 6-McM 6-McL 7-M 7-L Climate Data Source 
Thorius macdougalli T T T T T T IUCN 
Thorius magnipes A A A A A A IUCN 
Thorius minutissimus T F T F T F IUCN 
Thorius minydemus T T T T T T IUCN 
Thorius munificus T T T T T T IUCN 
Thorius narisovalis T T T T T T IUCN 
Thorius omiltemi T T T T T T IUCN 
Thorius papaloae T T T T T T IUCN 
Thorius pennatulus T T T T T T IUCN 
Thorius pulmonaris T T T T T T IUCN 
Thorius schmidti T T T T T T IUCN 
Thorius spilogaster T T T T T T IUCN 
Thorius troglodytes T T T T T T IUCN 
Urspelerpes brucei T T T T T T IUCN 
 
 
Supplemental Table B2. Ecological Niche Modeling AUC scores for different resolutions across 
microhabitat classification schemes for the arboreal and terrestrial niche models, respectively in 
each cell. Not every resolution between 0.1 intervals was tested, but rather, when necessary to 
narrow down the appropriate resolution that represents the smallest resolution with AUC scores 
above 0.8 (bolded). 
 
RESOLUTION 6-M 6-L 6-McM 6-McL 7-M 7-L 
0.200 0.912/0.692 0.899/0.737 0.901/0.693 0.688/0.914 0.912/0.692 0.897/0.740 
0.300 0.939/0.771 0.916/0.817 0.933/0.775 0.765/0.946 0.942/0.774 0.930/0.815 
0.340 0.941/0.792 0.930/0.836 0.935/0.797 0.788/0.948 0.942/0.793 0.931/0.833 
0.360 0.946/0.801 0.920/0.841 0.930/0.801 0.792/0.947 0.944/0.802 0.935/0.842 
0.380 0.948/0.811 0.933/0.853 0.942/0.817 0.803/0.954 0.946/0.810 0.931/0.850 
0.400 0.949/0.815 0.939/0.856 0.940/0.824 0.809/0.951 0.945/0.817 0.939/0.857 
0.500 0.943/0.843 0.930/0.878 0.936/0.848 0.837/0.958 0.944/0.843 0.931/0.879 
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Supplemental Table B3. Pairwise comparison results from a phylogenetic ANOVA of individual 
climate variables tested against microhabitat type using 6-M classification scheme. Z scores and 
p values are calculated for the pairwise comparison of terrestrial and arboreal species. Significant 
variables are bolded, determined by adjusted alphas using sequential Bonferroni procedures.  
 
VARIABLE Z P ALPHA 
ALL VARIABLES 5.2252 0.001 0.05 
PC1 5.5919 0.001 0.05/5   = 0.0100 
PC2 2.7338 0.011 0.05/4   = 0.0125 
PC3 0.9615 0.166 0.05/2   = 0.0250 
PC4 1.2024 0.124 0.05/3   = 0.0167 
PC5 -0.4350 0.590 0.05/1   = 0.0500 
BIO1 5.1718 0.001 0.05/12 = 0.0042 
BIO5 4.0797 0.002 0.05/7   = 0.0071 
BIO6 5.3373 0.001 0.05/11 = 0.0045 
BIO12 3.3590 0.006 0.05/6   = 0.0083 
BIO16 4.3366 0.002 0.05/8   = 0.0063 
BIO17 0.5271 0.236 0.05/3   = 0.0167 
PET ANNUAL 3.4632 0.002 0.05/9   = 0.0056 
PET OF WETTEST Q 0.2513 0.332 0.05/2   = 0.0250 
PET OF DRIEST Q 0.7038 0.217 0.05/4   = 0.0125 
ELEVATION 5.6453 0.001 0.05/10 = 0.0050 
CLOUD COVER 0.7436 0.199 0.05/5   = 0.0100 
CLIMATIC MOISTURE -0.9083 0.833 0.05/1   = 0.0500 
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Supplemental Table B4. Climate variable loadings of first five PC axes. The strongest variable 
loadings for each axis are bolded.  
Variable Value PC1 PC2 PC3 PC4 PC5 
Annual 
Temperature 
(BIO1) 
Min 0.156 -0.149 0.053 -0.109 0.169 
Q1 0.191 -0.147 0.041 0.000 0.035 
Mean 0.198 -0.139 0.043 0.024 -0.009 
Q3 0.199 -0.124 0.042 0.057 -0.059 
Max 0.177 -0.093 0.041 0.109 -0.176 
Maximum 
Temperature of 
the Warmest 
Month (BIO5) 
Min 0.028 -0.242 -0.046 -0.049 0.216 
Q1 0.028 -0.262 -0.088 0.072 0.083 
Mean 0.021 -0.261 -0.090 0.109 0.040 
Q3 0.016 -0.245 -0.090 0.148 -0.012 
Max -0.012 -0.191 -0.068 0.219 -0.119 
Minimum 
Temperature of 
the Coldest Month 
(BIO6) 
Min 0.191 -0.030 0.110 -0.107 0.095 
Q1 0.209 -0.017 0.103 -0.044 0.006 
Mean 0.212 -0.011 0.104 -0.026 -0.023 
Q3 0.212 -0.004 0.102 -0.004 -0.051 
Max 0.198 0.009 0.087 0.044 -0.143 
Annual 
Precipitation 
(BIO12) 
Min 0.176 0.076 -0.095 -0.062 0.186 
Q1 0.191 0.091 -0.118 0.012 0.090 
Mean 0.193 0.104 -0.115 0.044 0.028 
Q3 0.188 0.107 -0.110 0.067 -0.017 
Max 0.167 0.112 -0.104 0.110 -0.123 
Precipitation of 
the Wettest 
Quarter (BIO16) 
Min 0.185 0.098 0.001 -0.080 0.138 
Q1 0.200 0.119 -0.011 -0.010 0.050 
Mean 0.201 0.127 -0.009 0.023 -0.010 
Q3 0.195 0.127 -0.008 0.048 -0.053 
Max 0.171 0.124 -0.005 0.095 -0.154 
Precipitation of 
the Driest Quarter 
(BIO17) 
Min 0.000 -0.053 -0.225 -0.048 0.205 
Q1 0.054 -0.029 -0.251 0.018 0.093 
Mean 0.078 -0.004 -0.259 0.045 0.042 
Q3 0.091 0.013 -0.246 0.061 0.005 
Max 0.089 0.028 -0.232 0.095 -0.092 
Annual PET 
(PET.A) 
Min 0.126 -0.148 0.091 -0.170 0.128 
Q1 0.149 -0.170 0.100 -0.080 -0.023 
Mean 0.154 -0.165 0.113 -0.044 -0.078 
Q3 0.152 -0.151 0.121 0.006 -0.140 
Max 0.124 -0.107 0.121 0.091 -0.255 
PET of the 
Wettest Quarter 
(PET.W)  
Min 0.107 -0.119 0.056 -0.251 0.038 
Q1 0.080 -0.156 -0.02 -0.236 -0.099 
Mean 0.072 -0.169 -0.051 -0.217 -0.146 
Q3 0.056 -0.167 -0.079 -0.178 -0.183 
Max 0.032 -0.158 -0.109 -0.123 -0.219 
PET of the Driest 
Quarter 
(PET.D) 
Min 0.109 0.022 0.201 0.051 0.169 
Q1 0.092 0.039 0.198 0.159 0.092 
Mean 0.078 0.040 0.194 0.213 0.048 
Q3 0.059 0.038 0.172 0.251 -0.001 
Max 0.006 0.033 0.109 0.300 -0.095 
Climatic Moisture 
(CM)  
Min 0.133 0.101 -0.12 -0.112 0.223 
Q1 0.143 0.139 -0.154 -0.033 0.117 
Mean 0.141 0.161 -0.152 -0.003 0.063 
Q3 0.132 0.173 -0.142 0.029 0.006 
Max 0.091 0.166 -0.145 0.098 -0.128 
Cloud Cover  
(CC)  
Min -0.005 0.021 -0.105 -0.225 -0.083 
Q1 0.003 0.030 -0.139 -0.176 -0.176 
Mean 0.000 0.033 -0.146 -0.150 -0.221 
Q3 0.004 0.041 -0.149 -0.121 -0.257 
Max -0.022 0.004 -0.116 0.058 -0.286 
Elevation 
(Elev)  
Min 0.000 0.131 0.143 -0.255 0.045 
Q1 -0.005 0.156 0.163 -0.224 -0.034 
Mean -0.001 0.171 0.169 -0.191 -0.066 
Q3 0.000 0.177 0.170 -0.162 -0.090 
Max -0.004 0.192 0.128 -0.015 -0.248 
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Supplemental Table B5. Results from phylogenetic ANOVAs using the subset of species found 
in the tropics under the classification scheme 6-M. All non-arboreal and non-terrestrial species 
were excluded from this comparative approach as not all microhabitat types were represented by 
more than one species in the tropics. Alphas were determined using sequential Bonferroni 
procedures where appropriate. The column labeled ‘Agreeance’ indicates whether the results 
herein align with the results from the full set of species, as presented in the main text, with a ‘Y’ 
indicating agreeance and an ‘N’ indicating a discrepancy. 
VARIABLE F Z P ALPHA AGREEANCE 
ALL VARIABLES 5.3785 2.7296 0.001 0.05 Y 
PC1 11.2039 1.5761 0.001 0.05/5   = 0.0100 Y 
PC2 0.5325 0.2870 0.480 0.05/1   = 0.0500 N 
PC3 1.3122 0.7242 0.250 0.05/2   = 0.0250 Y 
PC4 3.3973 1.1115 0.073 0.05/3   = 0.0167 Y 
PC5 3.0794 1.0750 0.077 0.05/4   = 0.0125 Y 
BIO1 9.6085 2.2770 0.001 0.05/12 = 0.0042 Y 
BIO5 7.7419 2.1366 0.003 0.05/9   = 0.0056 Y 
BIO6 10.6628 2.3565 0.002 0.05/10 = 0.0050 Y 
BIO12 3.6789 1.5347 0.056 0.05/4   = 0.0125 N 
BIO16 5.0233 1.7954 0.012 0.05/7   = 0.0071 Y 
BIO17 0.9687 0.4582 0.035 0.05/5   = 0.0100 Y 
PET ANNUAL 5.5106 1.9163 0.007 0.05/8   = 0.0063 Marginally Y 
PET OF WETTEST Q 3.6707 1.5693 0.028 0.05/6   = 0.0083 Y 
PET OF DRIEST Q 2.4178 1.2205 0.093 0.05/3   = 0.0167 Y 
ELEVATION 10.0516 2.3130 0.001 0.05/11 = 0.0045 Y 
CLOUD COVER 1.4510 0.7673 0.232 0.05/2   = 0.0250 Y 
CLIMATIC MOISTURE 0.1750 -0.9394 0.232 0.05/1   = 0.0500 Y 
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Supplemental Table B6. Niche overlap measures Schoener’s D and Warren’s I calculated across 
all classification schemes and using only tropical species under 6-M with gridding resolution of 
0.360 degrees. Z scores and p values were calculated using two methods of null distribution 
construction. The first permutation procedure (N1) follows traditional methods for such null 
distribution generation by randomly assigning geographic pixels to either the arboreal or 
terrestrial microhabitat polygon and calculating niche overlap. The second permutation 
procedure (N2) randomizes the microhabitat classification at the species level to redefined the 
arboreal and terrestrial microhabitat polygon and calculate the D and I values from those 
randomly defined microhabitat polygons. All results indicate that the arboreal and terrestrial 
niches are significantly different from one another with the exception of the tropical species 
using N2 (see Discussion). 
Classification  D ZN1 pN1 ZN2 pN2 I ZN1 pN1 ZN2 pN2 
6-M 0.348 -34.429 0.01 -4.044 0.01 0.618 -104.761 0.01 -5.063 0.01 
6-L 0.337 -48.911 0.01 -2.078 0.01 0.608 -166.344 0.01 -1.932 0.02 
7-M 0.321 -37.241 0.01 -3.601 0.01 0.601 -108.902 0.01 -4.582 0.01 
7-L 0.336 -48.106 0.01 -1.946 0.01 0.600 -159.242 0.01 -1.899 0.01 
6-McM 0.299 -40.075 0.01 -4.140 0.01 0.569 -131.543 0.01 -6.253 0.01 
6-McL 0.424 -36.436 0.01 -3.591 0.01 0.691 -106.782 0.01 -4.248 0.01 
Tropical 6-M 0.617 -20.974 0.01 -0.807 0.77 0.860 -44.182 0.01 -0.590 0.67 
  
 
Supplemental Table B7. Reciprocal suitability of arboreal and terrestrial species for each 
classification scheme and using only tropical species under 6-M at the suitability cutoff of 0.5 
and gridding resolution of 0.360 degrees. 
Classification  Arb Poly, Terr ENM Terr Poly, Arb ENM 
6-M 37.21% 11.25% 
6-L 34.48% 12.39% 
7-M 37.23% 10.97% 
7-L 33.69% 12.62% 
6-McM 31.20% 10.85% 
6-McL 14.54% 78.86% 
Tropical 6-M 45.41% 28.88% 
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Supplemental Figure B1. Robustness analyses for all environmental variables together, for PCs 
1-5, and each individual environmental variable. Displayed are the Z-scores generated from the 
analyses using the consensus phylogeny from Bonett and Blair (2017) and confidence intervals 
generated from repeating all analyses over the 1000 posterior trees from which the consensus 
phylogeny was generated. Different colors represent the microhabitat robustness analyses of the 
main classification scheme (6-M) and the 5 alternative classification schemes along with 
analyses conducted using a reduced set of tropical species occupying arboreal and terrestrial 
microhabitats only.   
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Supplemental Figure B2. Response curves for the arboreal (left, green background) and 
terrestrial (right, white background) ENMs from each environmental variable under 6-M. Red 
lines represent the consensus MAXENT model, and the blue distribution around the consensus 
line represents the variance across the 10 replicate runs. X axes represent the span of values for 
each variable, and Y axes represent the probability of predicting microhabitat-type presence at 
that value. Panel A represents temperature (Min Temperature of the Coldest Month: BIO6, 
Annual Mean Temperature: BIO1, and Max Temperature of the Warmest Month: BIO5), B 
represents precipitation (Precipitation of Driest Quarter: BIO17, Annual Precipitation: BIO12, 
and Precipitation of the Wettest Quarter: BIO16), C represents potential evapotranspiration 
(Driest Quarter, Annual Mean, and Wettest Quarter), and D represents elevation, climatic 
moisture, and cloud cover. Notably, the arboreal model predicted a high likelihood of presence 
for all high values of precipitation across the three precipitation variables (i.e. presence 
likelihoods approached and plateaued at 1 as precipitation values increased for arboreal model; 
panel B). The arboreal model also tended to favor warmer temperatures, as indicated by the 
slight right-shift of the arboreal model for all temperature variables (panel A), but interpreting 
climatic differences by visually comparing the response curves from each model is dubious. We 
do not recommend concluding climatic differences from these graphs alone (see main text). 
 
  
 
 
 
Supplemental Figure B3. Robustness of reciprocal suitability scores across suitability cutoffs and classification schemes, including 
analyses of tropical species under 6-M (gridding resolution 0.360 degrees). Across all robustness analyses except 6-McL, reciprocal 
suitability scores of arboreal suitability within terrestrial species distributions agree with results presented in the main text (results 
using 6-M classification scheme) in that very little of the terrestrial species’ distribution is suitable for arboreal life as indicated by low 
values of the dark brown triangles. The difference in suitable habitat is more dramatic considering arboreal suitability in terrestrial 
ranges (brown arrows) is more dramatic than the opposite relationship of terrestrial suitability in arboreal ranges (green arrows).
6-L 6-McM 6-McL
7-M 7-L Tropical 6-M
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APPENDIX C.    ADDITIONAL TABLES AND FIGURES FOR CHAPTER 4 
 
 
 
Supplemental Figure C1. Linear regression of the log transformed WH proxy against empirical 
SA:Vs measured across 21 individual specimens. The best fit line has a slope of -1.18 and an 
intercept of 2.37 (AIC = -5.248), which represents a significantly worse fit for the data than 
SA:Vs estimated from our novel method (DAIC = 35.632).   
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Supplemental Figure C2. Landscape climatespace with convex hulls for each region. The 
temperate climate data (black) displays significantly less disparity than the tropical climate data 
(red; p = 0.001), as is mirrored by the occupied climatic summaries for temperate and tropical 
species (see main text). 
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Supplemental Figure C3. F values calculated for each term of the ANCOVA model across the 
1000 posterior chronograms from the phylogenetic reconstruction provided by Bonett and Blair 
2017. The highest 5% of PCA1 F values have been excluded for ease of visualization. PCA1 is a 
consistently significant term (96.4% of iterations), indicating the robustness of our analyses to 
phylogenetic uncertainty. 
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Supplemental Figure C4. Tropical/temperate ratios of SA:V morphological disparity and 
evolutionary rate calculated across the 1000 posterior chronograms from the phylogenetic 
reconstruction provided by Bonett and Blair 2017. The black horizontal line represents a 1:1 
relationship across regions, whereas values above 1 indicate more disparate SA:V and faster 
rates of evolution in tropical species. All calculated values for disparity and evolutionary rate are 
above 1, indicating that our results are robust to phylogenetic uncertainty. 
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Supplemental Table C1. Species summaries of climatic variables and regional classification. 
Region is coded as temperate (TE) or tropical (TR). Sample size for each species represents the 
number of pseudo-occurrence points used to extract climatic variables for each species. 
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Aneides aeneus TE 12.81 29.94 -5.32 1304.16 378.15 274.13 426.96 10165 
Aneides ferreus TE 9.55 20.71 -2.29 1772.76 835.42 114.29 573.02 8032 
Aneides flavipunctatus TE 11.82 24.49 -1.23 1212.83 621.42 33.81 657.52 2909 
Aneides hardii TE 13.73 32.27 -5.58 361.34 187.34 37.27 1680.66 1661 
Aneides lugubris TE 14.69 28.36 0.84 673.05 360.47 12.17 460.67 6260 
Aneides vagrans TE 8.63 19.18 -2.24 2085.41 951.15 160.39 503.06 3547 
Aquiloeurycea cephalica TR 16.08 25.74 5.45 815.65 414.24 47.80 2119.89 828 
Aquiloeurycea galeanae TE 15.63 26.92 3.09 497.21 219.58 49.28 2279.02 43 
Batrachoseps altasierrae TE 9.96 25.39 -4.72 608.42 309.00 18.88 1707.19 149 
Batrachoseps attenuatus TE 13.58 26.19 0.05 1081.77 561.66 22.84 375.71 3292 
Batrachoseps bramei TE 10.51 26.22 -4.42 553.45 281.06 19.01 1679.75 67 
Batrachoseps campi TE 9.41 26.36 -5.93 304.10 140.40 30.60 2075.80 20 
Batrachoseps diabolicus TE 15.13 31.12 -2.10 822.82 412.76 14.41 473.29 119 
Batrachoseps gabrieli TE 12.95 28.32 -1.98 610.17 326.86 16.97 1425.21 29 
Batrachoseps gavilanensis TE 14.42 28.75 -0.51 480.90 258.12 5.92 432.70 659 
Batrachoseps gregarius TE 16.32 33.20 -1.16 520.67 272.82 8.10 523.26 451 
Batrachoseps incognitus TE 13.26 23.83 3.27 591.12 334.14 6.14 400.14 43 
Batrachoseps kawia TE 7.25 23.29 -6.95 663.77 331.65 26.14 2121.06 83 
Batrachoseps luciae TE 12.21 22.60 2.80 887.58 469.24 11.73 644.31 93 
Batrachoseps major TE 16.85 30.64 4.09 328.83 183.68 9.70 452.50 1538 
Batrachoseps nigriventris TE 14.81 28.47 1.72 463.88 267.47 5.36 575.70 1402 
Batrachoseps pacificus TE 14.57 23.38 6.70 414.46 246.89 4.96 181.61 28 
Batrachoseps relictus TE 12.80 26.60 -0.50 606.78 320.35 11.31 902.26 690 
Batrachoseps robustus TE 9.17 25.89 -6.68 454.03 224.00 26.61 2016.51 87 
Batrachoseps simatus TE 10.48 26.15 -4.52 544.92 273.75 19.08 1664.83 12 
Batrachoseps wrighti TE 7.61 19.11 -5.27 1888.93 881.03 133.38 976.35 757 
Bolitoglossa adspersa TR 12.65 17.56 7.29 1377.74 506.91 166.59 2771.24 890 
Bolitoglossa alberchi TR 23.44 31.46 15.03 1628.66 753.67 102.37 672.92 273 
Bolitoglossa alvaradoi TR 23.12 28.66 17.88 3453.37 1136.42 423.65 612.28 166 
Bolitoglossa biseriata TR 25.70 30.30 21.40 4055.46 1379.72 557.01 184.53 2413 
Bolitoglossa bramei TR 14.58 20.00 9.08 2702.00 1103.00 199.00 2111.00 1 
Bolitoglossa carri TR 16.85 23.02 10.49 1471.00 661.00 54.00 1860.00 1 
Bolitoglossa celaque TR 16.93 23.08 10.58 1616.00 760.42 52.40 1847.40 48 
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Supplemental Table C1 Continued. 
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Bolitoglossa cerroensis TR 13.58 19.18 7.85 2476.38 1100.62 96.86 2306.00 37 
Bolitoglossa colonnea TR 23.81 29.29 18.66 3309.68 1123.52 411.85 480.36 814 
Bolitoglossa compacta TR 15.20 20.62 9.75 3112.80 1182.24 316.16 1989.36 25 
Bolitoglossa conanti TR 19.31 25.78 12.63 1650.71 710.94 108.76 1428.47 17 
Bolitoglossa cuchumatana TR 17.43 24.73 9.46 2724.17 1188.25 237.08 1778.96 138 
Bolitoglossa decora TR 18.53 24.44 12.33 1471.00 579.00 84.00 1603.00 1 
Bolitoglossa diaphora TR 18.41 25.01 11.65 1712.00 655.50 136.50 1653.50 2 
Bolitoglossa dofleini TR 23.36 30.00 16.22 2583.97 1133.14 218.91 653.18 110 
Bolitoglossa dunni TR 22.17 28.82 15.21 1593.77 699.65 101.51 857.84 337 
Bolitoglossa engelhardti TR 15.65 22.27 8.51 2088.56 966.10 56.24 2152.49 59 
Bolitoglossa epimela TR 18.90 24.61 13.33 3520.29 1151.29 475.29 1362.00 14 
Bolitoglossa equatoriana TR 24.57 29.70 19.14 3568.71 1112.51 674.43 339.36 1008 
Bolitoglossa flavimembris TR 18.95 25.41 12.02 2800.36 1281.11 91.19 1575.20 130 
Bolitoglossa flaviventris TR 24.60 31.07 17.63 3032.56 1451.09 67.84 610.72 32 
Bolitoglossa franklini TR 17.80 24.70 10.34 2014.50 997.42 42.06 1820.68 154 
Bolitoglossa gomezi TR 20.10 26.25 14.47 2997.50 1260.00 153.17 1232.67 6 
Bolitoglossa gracilis TR 17.92 23.71 12.08 3742.75 1217.00 538.25 1542.50 4 
Bolitoglossa hartwegi TR 15.30 22.97 6.86 1539.49 718.50 88.14 2216.70 169 
Bolitoglossa heiroreias TR 17.37 23.41 11.19 1593.75 797.25 63.00 1769.50 4 
Bolitoglossa helmrichi TR 20.84 27.29 13.84 2765.88 1204.19 259.56 1160.61 268 
Bolitoglossa hermosa TR 22.84 29.69 15.64 1429.60 862.93 20.00 1237.07 15 
Bolitoglossa lincolni TR 15.18 22.93 6.59 1244.32 589.81 47.03 2302.14 72 
Bolitoglossa longissima TR 18.19 23.96 12.21 1676.00 640.00 85.00 1622.00 1 
Bolitoglossa macrinii TR 22.47 29.27 15.14 1262.91 709.17 24.72 983.26 210 
Bolitoglossa marmorea TR 16.30 21.91 10.86 2910.76 1209.36 179.03 1828.91 33 
Bolitoglossa meliana TR 19.01 25.29 12.37 1962.38 898.84 148.76 1497.20 103 
Bolitoglossa mexicana TR 23.99 31.06 16.46 2071.25 868.33 174.61 529.26 7624 
Bolitoglossa minutula TR 15.62 21.07 10.20 3011.08 1199.62 224.21 1917.48 71 
Bolitoglossa mombachoensis TR 26.66 31.42 22.12 1525.50 842.00 13.50 49.00 2 
Bolitoglossa morio TR 18.26 24.61 11.29 1766.17 848.79 50.04 1676.19 734 
Bolitoglossa mulleri TR 21.42 28.35 13.90 3147.34 1250.45 329.34 1047.94 62 
Bolitoglossa nigrescens TR 14.81 20.57 8.99 2427.60 1078.21 96.00 2116.81 48 
Bolitoglossa nympha TR 23.59 30.41 16.44 1755.44 742.14 135.16 585.19 353 
Bolitoglossa oaxacensis TR 19.95 27.22 11.58 1089.15 599.86 21.90 1664.59 80 
Bolitoglossa occidentalis TR 22.77 29.95 15.21 1804.03 938.95 42.44 956.43 442 
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Supplemental Table C1 Continued. 
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Bolitoglossa odonnelli TR 23.49 30.07 16.49 2420.56 1128.09 186.65 645.21 187 
Bolitoglossa orestes TR 13.91 19.43 8.20 1062.38 394.08 73.46 2564.85 13 
Bolitoglossa palmata TR 14.67 20.54 8.52 1759.29 583.78 304.58 2339.27 267 
Bolitoglossa peruviana TR 24.77 30.13 19.05 3198.03 974.20 631.14 370.75 3876 
Bolitoglossa pesrubra TR 10.74 15.96 5.28 2547.73 1077.43 129.14 2736.22 37 
Bolitoglossa platydactyla TR 23.98 32.60 14.69 1889.49 967.02 128.79 328.46 2814 
Bolitoglossa porrasorum TR 21.27 28.14 14.15 1279.00 496.47 108.47 1064.87 15 
Bolitoglossa riletti TR 23.38 31.38 14.50 1498.43 913.43 17.86 938.50 14 
Bolitoglossa robinsoni TR 13.12 18.22 7.88 3007.57 1147.17 258.27 2306.70 30 
Bolitoglossa robusta TR 17.61 23.24 12.02 3042.02 1132.39 298.24 1608.15 323 
Bolitoglossa rostrata TR 12.26 19.70 4.13 1549.34 726.93 51.03 2752.87 102 
Bolitoglossa rufescens TR 24.35 31.96 16.21 2545.20 1150.93 206.51 420.71 3712 
Bolitoglossa schizodactyla TR 24.93 29.85 20.33 2942.79 1042.62 285.70 310.56 574 
Bolitoglossa sombra TR 15.75 21.27 10.34 2858.25 1242.13 102.88 1912.00 8 
Bolitoglossa stuarti TR 22.04 29.73 14.08 1354.75 689.52 30.65 1106.39 127 
Bolitoglossa subpalmata TR 17.66 23.16 12.02 3193.05 1167.25 305.32 1631.81 77 
Bolitoglossa suchitanensis TR 19.58 24.98 13.76 1536.00 786.00 27.00 1447.00 1 
Bolitoglossa synoria TR 16.44 22.32 10.23 1627.43 804.71 64.14 1954.86 7 
Bolitoglossa tica TR 14.01 19.65 8.18 2481.50 1105.50 131.00 2278.50 4 
Bolitoglossa yucatana TR 25.73 34.03 16.69 1118.18 492.81 104.81 30.42 2357 
Bolitoglossa zapoteca TR 22.92 30.61 15.01 850.00 490.33 12.00 1404.33 3 
Bradytriton silus TR 20.97 28.48 12.87 3014.40 1304.62 273.10 1137.60 84 
Chiropterotriton arboreus TR 18.61 28.70 7.80 1095.00 547.00 78.00 1547.00 1 
Chiropterotriton chondrostega TR 18.10 28.34 6.97 902.51 450.11 62.63 1749.23 35 
Chiropterotriton cracens TR 20.04 30.73 7.72 962.33 483.00 61.33 1218.33 3 
Chiropterotriton dimidiatus TR 13.69 22.89 3.55 684.33 340.00 41.00 2640.92 12 
Chiropterotriton lavae TR 15.47 22.54 7.53 1368.25 632.00 137.25 1887.25 4 
Chiropterotriton magnipes TR 19.62 30.37 7.99 847.32 442.42 49.47 1511.95 19 
Chiropterotriton miquihuanus TE 15.42 27.05 2.46 493.14 220.79 45.79 2491.17 58 
Chiropterotriton mosaueri TR 17.50 28.16 6.19 484.33 235.00 27.00 2030.67 3 
Chiropterotriton multidentatus TR 20.15 31.05 7.97 757.35 362.77 55.30 1340.14 231 
Chiropterotriton priscus TE 16.24 26.64 4.67 569.05 266.91 55.77 1859.02 131 
Cryptotriton alvarezdeltoroi TR 21.98 29.68 13.69 2887.33 1170.00 328.33 898.00 3 
Cryptotriton monzoni TR 22.05 28.41 15.34 1619.00 790.00 87.00 907.00 1 
Cryptotriton nasalis TR 21.12 27.98 14.10 1713.59 654.65 141.18 1078.29 17 
127 
  
 
Supplemental Table C1 Continued. 
S
P
E
C
IE
S
 
R
EG
IO
N
 
B
IO
1  
B
IO
5  
B
IO
6 
B
IO
12
 
B
IO
16
 
B
IO
17
 
EL
EV
 
SA
M
PL
E 
SI
ZE
 
Cryptotriton sierraminensis TR 18.85 24.74 12.66 2002.00 934.00 155.00 1573.50 2 
Cryptotriton veraepacis TR 16.68 23.04 10.14 2047.33 831.33 204.67 1980.00 2 
Dendrotriton bromeliacius TR 14.84 21.59 7.45 1898.83 885.50 39.83 2305.83 6 
Dendrotriton chujorum TR 12.27 19.71 4.10 1471.00 693.00 67.00 2755.00 1 
Dendrotriton cuchumatanus TR 14.49 22.25 5.91 1827.00 852.83 109.17 2319.00 6 
Dendrotriton kekchiorum TR 13.87 20.59 6.62 1748.00 778.00 126.00 2436.00 1 
Dendrotriton megarhinus TR 20.21 27.31 12.71 1083.00 611.00 20.50 1466.50 2 
Dendrotriton rabbi TR 13.47 20.66 5.59 1381.50 665.50 35.00 2573.00 2 
Dendrotriton sanctibarbarus TR 16.77 23.12 10.34 1573.00 656.50 95.50 1913.00 4 
Dendrotriton xolocalcae TR 22.83 29.59 15.55 2389.50 1301.25 23.25 962.50 4 
Desmognathus abditus TE 12.96 29.89 -4.81 1493.36 416.87 305.20 541.25 69 
Desmognathus aeneus TE 15.20 31.94 -2.16 1491.80 443.75 301.99 344.92 2708 
Desmognathus apalachicolae TE 18.95 34.10 3.22 1422.10 460.07 255.09 68.48 1108 
Desmognathus auriculatus TE 18.46 33.93 2.55 1333.50 427.33 251.60 59.39 31564 
Desmognathus carolinensis TE 12.47 28.99 -4.55 1305.10 359.81 287.39 686.03 658 
Desmognathus imitator TE 12.11 28.45 -4.84 1519.82 420.45 325.01 757.36 548 
Desmognathus monticola TE 12.74 29.68 -5.23 1250.96 364.24 261.86 440.66 18825 
Desmognathus ochrophaeus TE 8.74 25.84 -10.64 1084.66 317.49 220.49 455.77 18005 
Desmognathus ocoee TE 13.80 30.29 -3.31 1527.36 437.52 329.06 540.85 2384 
Desmognathus orestes TE 11.71 28.42 -5.61 1175.92 331.62 253.29 706.39 1287 
Desmognathus organi TE 10.48 26.25 -5.84 1306.05 362.24 286.49 1020.01 262 
Desmognathus santeetlah TE 12.18 28.60 -4.83 1485.91 411.86 316.37 734.12 613 
Desmognathus welteri TE 12.09 29.07 -5.66 1242.05 352.14 267.05 598.82 1271 
Desmognathus wrighti TE 12.06 28.51 -4.94 1364.37 378.22 299.12 739.96 1973 
Ensatina eschscholtzii TE 11.40 24.46 -2.09 1225.11 593.64 67.17 673.82 20195 
Eurycea guttolineata TE 16.55 33.09 -0.48 1339.74 406.61 262.78 144.25 41475 
Eurycea junaluska TE 12.60 29.24 -4.63 1469.54 409.41 307.70 636.87 394 
Eurycea longicauda TE 13.00 30.32 -5.77 1197.64 356.12 237.58 283.43 70355 
Eurycea lucifuga TE 13.34 30.99 -5.73 1210.12 359.64 238.27 298.75 26280 
Eurycea spelaea TE 13.78 31.93 -5.75 1121.70 346.25 199.06 301.18 6599 
Hemidactylium scutatum TE 10.34 27.80 -9.28 1103.35 331.43 215.25 275.62 93902 
Hydromantes brunus TE 15.08 31.56 -1.97 753.83 374.00 12.33 581.50 6 
Hydromantes platycephalus TE 9.34 26.73 -6.72 564.91 272.94 30.82 1844.96 2886 
Hydromantes shastae TE 14.19 28.36 -0.93 1505.07 736.86 41.41 538.52 29 
Isthmura bellii TR 17.65 28.15 6.05 827.46 517.84 24.48 1931.38 8742 
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Ixalotriton niger TR 22.28 30.68 13.62 1226.00 608.50 66.00 994.50 4 
Ixalotriton parvus TR 20.65 27.86 13.03 856.75 437.50 53.00 1367.75 4 
Nototriton abscondens TR 17.53 23.26 11.75 3032.80 1163.71 264.49 1687.95 41 
Nototriton barbouri TR 22.26 29.39 14.93 1416.08 572.88 117.42 874.31 26 
Nototriton brodiei TR 21.23 27.78 14.40 1852.67 761.33 143.00 1051.00 3 
Nototriton limnospectator TR 17.80 24.34 11.12 1595.83 665.83 98.00 1715.83 6 
Nototriton picadoi TR 15.83 21.68 9.94 2676.82 1094.27 199.09 1958.36 11 
Nototriton richardi TR 18.51 24.00 12.92 3558.09 1184.27 443.73 1467.27 11 
Nyctanolis pernix TR 19.54 26.15 12.52 2466.43 1063.14 211.29 1475.00 7 
Oedipina complex TR 25.84 30.39 21.57 4506.02 1482.32 737.52 146.57 2784 
Oedipina cyclocauda TR 24.93 30.35 19.25 2454.96 983.61 211.34 258.81 6413 
Oedipina elongata TR 23.98 30.86 16.49 2470.37 1058.06 217.20 469.80 465 
Oedipina gephyra TR 20.16 26.79 13.23 1334.50 503.50 113.75 1296.00 4 
Oedipina gracilis TR 24.83 30.11 19.84 3292.56 1051.50 473.22 279.98 393 
Oedipina grandis TR 14.26 19.54 8.94 2920.93 1197.29 192.21 2141.86 14 
Oedipina maritima TR 26.25 30.32 22.20 2801.00 908.00 335.00 14.00 1 
Oedipina nica TR 21.68 27.21 15.78 1750.80 734.91 115.42 862.05 99 
Oedipina parvipes TR 26.10 31.01 21.45 3520.59 1189.88 406.29 242.68 1773 
Oedipina poelzi TR 17.75 23.36 12.09 3144.10 1119.90 343.81 1611.67 21 
Oedipina pseudouniformis TR 21.09 26.72 15.60 2853.58 1033.74 288.16 1003.40 50 
Oedipina taylori TR 23.71 29.70 17.14 1751.02 914.26 15.07 670.94 389 
Oedipina uniformis TR 20.64 26.43 15.06 2860.96 1160.32 193.75 1115.37 318 
Parvimolge townsendi TR 18.08 26.39 9.01 1600.53 781.56 124.63 1464.19 32 
Phaeognathus hubrichti TE 18.08 33.84 1.83 1490.50 453.44 277.52 100.30 50 
Plethodon albagula TE 15.80 33.08 -2.64 1036.45 325.60 189.29 276.23 18380 
Plethodon amplus TE 12.24 28.43 -4.24 1387.09 372.45 316.41 814.68 22 
Plethodon angusticlavius TE 14.22 32.13 -4.82 1161.66 358.22 213.95 322.43 3762 
Plethodon asupak TE 10.68 25.41 -6.37 819.50 423.50 41.50 819.00 4 
Plethodon aureolus TE 13.40 30.30 -4.13 1442.22 407.06 299.76 486.83 222 
Plethodon caddoensis TE 15.00 31.93 -2.54 1493.63 463.98 315.08 383.03 40 
Plethodon chattahoochee TE 12.86 29.26 -4.20 1624.91 466.30 351.58 689.93 463 
Plethodon chlorobryonis TE 16.43 33.22 -0.42 1249.04 399.25 249.27 69.12 6977 
Plethodon cinereus TE 6.41 24.45 -14.90 1021.57 315.50 192.48 302.21 122837 
Plethodon cylindraceus TE 14.00 31.28 -3.75 1162.35 333.65 250.30 285.94 11497 
Plethodon dorsalis TE 14.02 31.38 -4.66 1309.68 385.13 263.36 245.19 17345 
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Plethodon dunni TE 9.91 20.91 -2.04 1773.06 839.38 110.33 481.74 4777 
Plethodon electromorphus TE 10.77 28.18 -9.01 1033.84 315.25 206.84 298.89 6873 
Plethodon elongatus TE 10.24 22.29 -2.03 1504.33 751.36 58.72 834.40 1456 
Plethodon fourchensis TE 14.69 31.45 -2.70 1414.10 437.20 289.30 458.30 10 
Plethodon glutinosus TE 14.06 30.78 -4.00 1243.44 381.17 242.75 222.97 77702 
Plethodon grobmani TE 19.58 34.05 4.49 1385.77 483.68 236.32 54.51 7238 
Plethodon hoffmani TE 10.05 27.06 -8.80 1045.51 306.24 216.00 529.50 3615 
Plethodon hubrichti TE 10.62 26.49 -5.91 1171.67 316.00 254.00 810.00 3 
Plethodon idahoensis TE 5.09 20.21 -11.59 658.40 235.99 103.99 1363.38 5646 
Plethodon jordani TE 11.81 28.19 -5.16 1324.56 371.52 288.81 774.03 2179 
Plethodon kentucki TE 12.04 29.42 -6.26 1160.04 338.63 255.27 449.84 1711 
Plethodon kiamichi TE 15.77 33.22 -2.44 1250.98 392.30 233.74 261.92 240 
Plethodon kisatchie TE 18.00 34.26 1.09 1411.48 404.59 289.14 56.14 1576 
Plethodon larselli TE 7.72 20.89 -7.17 1420.74 669.18 109.78 839.96 1046 
Plethodon meridianus TE 13.97 30.75 -3.19 1297.08 347.00 299.75 429.53 53 
Plethodon metcalfi TE 13.33 29.69 -3.47 1564.57 422.79 361.85 639.19 451 
Plethodon mississippi TE 17.15 33.71 -0.09 1491.02 442.03 284.16 108.55 8143 
Plethodon montanus TE 10.73 26.67 -5.81 1273.04 355.61 276.66 963.11 407 
Plethodon neomexicanus TE 7.23 25.25 -12.15 525.43 213.39 85.20 2409.56 218 
Plethodon nettingi TE 8.06 23.89 -9.59 1246.29 357.93 276.59 1037.41 73 
Plethodon ocmulgee TE 18.48 34.43 2.08 1173.14 374.45 206.79 69.82 619 
Plethodon ouachitae TE 15.12 31.94 -2.36 1335.19 420.29 255.15 416.10 62 
Plethodon petraeus TE 14.24 31.16 -3.34 1511.89 446.53 309.84 405.42 19 
Plethodon punctatus TE 10.74 27.88 -7.69 989.78 287.04 198.60 536.53 664 
Plethodon richmondi TE 11.38 28.63 -7.46 1122.51 330.38 237.79 434.14 12280 
Plethodon sequoyah TE 16.03 33.10 -1.82 1340.00 424.67 272.67 214.67 3 
Plethodon serratus TE 14.46 31.89 -4.06 1258.95 379.65 245.77 308.64 10994 
Plethodon shenandoah TE 10.61 27.10 -6.84 1127.43 318.50 228.79 597.86 14 
Plethodon shermani TE 11.28 27.04 -5.13 1782.48 493.11 390.86 996.91 56 
Plethodon stormi TE 9.30 22.26 -4.13 1043.68 525.37 54.01 1097.92 130 
Plethodon teyahalee TE 12.31 28.45 -4.42 1585.81 436.59 351.30 784.04 772 
Plethodon vandykei TE 7.84 18.92 -3.88 2329.79 1063.68 179.13 606.45 1295 
Plethodon variolatus TE 18.32 34.02 2.63 1268.25 452.17 223.89 25.19 774 
Plethodon vehiculum TE 8.18 19.24 -3.56 1928.86 868.45 162.48 539.26 11377 
Plethodon ventralis TE 13.76 30.64 -3.72 1381.34 394.39 288.49 479.84 993 
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Plethodon virginia TE 10.25 27.09 -7.99 957.57 282.38 187.17 584.06 145 
Plethodon websteri TE 17.10 33.58 0.00 1393.27 414.80 268.88 138.88 1312 
Plethodon wehrlei TE 9.81 26.76 -9.11 1096.06 323.49 227.68 531.83 8410 
Plethodon welleri TE 10.81 26.91 -5.86 1243.72 349.63 269.23 916.45 208 
Plethodon yonahlossee TE 11.17 27.39 -5.60 1245.89 346.82 271.37 862.43 716 
Pseudoeurycea altamontana TR 12.92 22.02 2.44 1159.41 675.25 35.81 2925.75 32 
Pseudoeurycea aurantia TR 12.65 20.48 5.07 1254.50 688.50 54.50 2436.00 2 
Pseudoeurycea cochranae TR 16.85 24.39 8.68 908.29 513.63 24.25 2173.88 80 
Pseudoeurycea firscheini TR 11.72 19.68 3.48 894.00 452.38 55.50 2406.38 8 
Pseudoeurycea gadovii TR 11.30 19.24 2.26 1057.76 536.14 65.21 2776.92 90 
Pseudoeurycea juarezi TR 12.84 19.59 6.49 1318.00 670.60 63.60 2641.60 5 
Pseudoeurycea leprosa TR 12.93 21.82 2.92 945.61 496.38 48.09 2648.05 602 
Pseudoeurycea longicauda TR 12.35 21.66 1.83 920.67 551.58 39.08 2800.75 12 
Pseudoeurycea melanomolga TR 12.11 19.99 3.24 1135.94 574.56 80.67 2661.00 18 
Pseudoeurycea mixcoatl TR 22.62 30.74 14.05 1214.89 757.67 20.56 1401.44 9 
Pseudoeurycea obesa TR 15.39 23.74 6.98 1535.00 838.00 67.00 2072.50 2 
Pseudoeurycea orchileucos TR 22.76 31.76 13.32 2759.00 1398.50 199.50 857.00 4 
Pseudoeurycea orchimelas TR 23.40 30.99 15.31 2252.59 1044.49 127.24 559.79 63 
Pseudoeurycea papenfussi TR 13.91 21.50 6.57 1320.00 696.85 58.77 2424.00 26 
Pseudoeurycea rex TR 13.60 20.97 5.54 1713.83 797.23 75.35 2504.03 120 
Pseudoeurycea robertsi TR 9.88 19.45 -0.73 1204.00 680.50 51.00 3433.50 2 
Pseudoeurycea ruficauda TR 17.77 27.42 8.07 1973.50 1054.50 109.00 1765.83 6 
Pseudoeurycea saltator TR 19.47 27.44 11.31 2890.50 1444.50 193.50 1525.50 2 
Pseudoeurycea smithi TR 12.86 19.97 6.02 1071.38 558.46 44.08 2669.46 13 
Pseudoeurycea tenchalli TR 18.83 25.86 11.08 1392.00 813.60 29.60 2116.00 5 
Pseudoeurycea unguidentis TR 11.24 18.21 4.40 972.00 496.00 37.00 2974.00 1 
Pseudoeurycea werleri TR 21.48 28.84 13.74 2691.22 1276.56 171.11 988.33 9 
Pseudotriton montanus TE 15.99 32.39 -1.03 1286.40 397.75 254.56 181.32 43064 
Pseudotriton ruber TE 13.65 30.60 -4.42 1248.76 368.78 253.40 266.71 62255 
Thorius arboreus TR 18.56 26.26 10.66 2472.00 1258.82 156.00 1589.18 11 
Thorius aureus TR 11.79 18.17 5.94 1344.00 689.00 65.00 2777.00 1 
Thorius boreas TR 13.63 20.76 6.92 1384.14 723.43 62.14 2528.86 7 
Thorius dubitus TR 12.11 20.34 3.72 732.50 363.75 46.25 2389.25 4 
Thorius grandis TR 18.10 24.97 10.59 1467.00 829.00 34.00 2286.00 1 
Thorius lunaris TR 14.50 22.61 5.58 1248.89 597.11 96.11 1974.33 9 
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Thorius macdougalli TR 15.00 22.23 7.93 1689.86 859.11 94.29 2222.71 28 
Thorius magnipes TR 12.73 21.19 4.21 615.00 302.50 38.50 2313.00 2 
Thorius minutissimus TR 24.15 32.02 15.79 762.50 440.50 9.50 932.50 2 
Thorius minydemus TR 14.11 21.51 5.92 1333.40 627.20 128.20 2147.60 5 
Thorius munificus TR 12.90 21.24 3.93 997.50 457.50 96.00 2358.50 2 
Thorius narisovalis TR 12.50 19.92 5.06 946.75 501.25 34.50 2757.00 4 
Thorius omiltemi TR 20.71 28.45 12.35 1210.00 731.50 24.00 1788.00 2 
Thorius papaloae TR 13.76 21.83 5.97 1151.33 630.17 45.33 2354.00 6 
Thorius pennatulus TR 18.38 26.73 9.28 1702.63 838.11 131.00 1418.17 35 
Thorius pulmonaris TR 13.67 21.15 6.42 857.00 442.67 29.00 2514.33 3 
Thorius schmidti TR 16.60 25.22 7.71 1962.22 1030.67 118.22 1818.67 9 
Thorius spilogaster TR 10.91 18.08 2.64 958.50 446.50 77.50 2533.50 2 
Thorius troglodytes TR 12.04 20.21 3.48 918.90 465.90 56.10 2394.10 10 
Urspelerpes brucei TE 15.09 31.33 -1.94 1552.50 445.50 353.25 330.00 4 
 
 
